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a b s t r a c t

A short-term intensive multi-instrumental measurement campaign (Integrated Measurements of Aerosol
in Agri valley - IMAA) was carried out near the largest European oil and gas pre-treatment plant (Centro
Olio Val d’Agri - COVA) in a populated area, where, so far, ample characterization of aerosol loading is
missing. As such, between the 2 and 17 July in 2013, using a number of instruments analyses were carried
out on physical, chemical, morphological and optical properties of aerosol at this distinctive site, at both
ground and over the atmospheric column, including the investigation of the mixing and transformation
of particles. The observation of slag silicates with a rough surface texture is consistent with the presence
of oil-related activities which represent the only industrial activity in the area. Desulfurization/sulfur
liquefaction processes occurring at COVA can explain the peculiar morphology of calcium-sodium-
aluminum particles. The common COVA source was associated with high concentrations of sulfur,
nickel and zinc, and with significant correlations between zinc-sulfur and zinc-nickel. The Optical Par-
ticle Sizer (OPS) data, hygroscopicity and optical properties of atmospheric aerosol are consistent with
the typical oil-derived gaseous emissions (e.g. sulfur dioxide and methane) that strongly influence the
mixing state of particles and their size distributions. Continuous combustion processes at COVA were
found to be responsible for Equivalent Black Carbon (EBC) concentrations from their relevant contri-
bution to the total number of fine particles. The expected significant contribution of WS (water soluble)
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and BC (Black Carbon) components to the total Aerosol Optical Depth (AOD) are consistent with the
results from the radiometric model especially for July 3 and 16.
© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The presence of one of the largest European on shore oil fields
and the largest crude oil and gas pre-treatment plant (COVA) in a
populated area prompted interest in studying aerosol optical,
chemical and morphological properties in the Agri Valley, Southern
Italy. The oil field and the COVA plant are in a rural area with
agricultural and grazing activities, a large biodiverse woods and
mountain ecosystem, and a population of about 50,000 divided
between a few small towns.

Environment and health issues relating to combustion pro-
cesses, extraction and pre-treatment of oil and gas at COVA,
including traffic from heavy vehicles, needs to be addressed in or-
der to further understand the potential impact on the area. In fact,
anthropogenic emissions can be responsible for negative effects on
air quality, public health and the climate (Andreae et al., 2005;
Dockery, 2001; Jacobson and Streets, 2009; Koch and Del Genio,
2010; Morawska and Zhang, 2002). Moreover, due to the high
temporal and spatial variability of aerosols in the atmosphere, a
comprehensive approach investigating emitted particle concen-
trations, dimensions, chemical composition, optical properties,
morphology, mixing and transformation processes is necessary to
effectively assess their sources and effects.

So far the number of studies on aerosol emissions from oil/gas
treatment activities has mainly been focused on refineries
(Baltr _enas et al., 2011; Lin et al., 2004; Sarnela et al., 2015) and gas
production facilities (Rutter et al., 2015; Warneke et al., 2014;
Zielinska et al., 2014). Most of the results from these studies have
helped to assess the role of gaseous compounds, particularly VOCs,
BTEX and PAHs (Lopes Oliveira et al., 2014; Sakari, 2012) however,
not enough information is available on the aerosol fraction.

Additionally, recent papers/studies on carbonaceous aerosol
emissions from flaring have assessed the importance of such
contribution to the Black Carbon (BC) global load, estimated to be
4% of the total BC (Fawole et al., 2016; Stohl et al., 2013). With
reference to the Agri Valley, Margiotta et al. (2015). Scanning
Electron Microscope (SEM) analysis on PM1 filters during and after
a burning torch flare event at the COVA plant, is consistent with the
production of a large amount or soot from flaring.

Other previous studies on aerosols in the Agri Valley, on both
PM1 (Speranza et al., 2014; Trippetta et al., 2014) and on BC datasets
(Calvello et al., 2015; Pavese et al., 2012), highlighted the influence
of extraction and pre-treatment activities on air quality. The main
findings highlighted this unique area, with PM concentrations
comparable to those in urban sites, and a relevant contribution of
BC to total aerosol loading despite the rural nature of the site.

The present work endeavors to combine different measure-
ments and techniques to produce the first set of integrated data on
optical, physical, chemical andmorphological properties of aerosols
in the Agri Valley. This study aims to obtain an extensive charac-
terization of aerosol loading at the site and explore the mixing,
aging and transformation of particles due to the key role of these
processes in modifying aerosol impacts on health and the envi-
ronment (Cheng et al., 2015; Künzi et al., 2013; Rager et al., 2011). In
this respect, useful results were obtained at the Habshan industrial
site for oil and gas production by Semeniuk et al. (2015), where
changes in reflectivity, scattering, particles size, hygroscopicity and
ice nucleation properties of processed aerosols were observed.
Data collected on July 2013 during the short-term intensive

multi-instrumental campaign IMAAwere analyzed on two different
temporal scales (24 h/1 h) and on different dimensional ranges, to
follow particles formation processes. In particular, in-situ gravi-
metric sampling, chemical speciation, and SEM-EDX (Energy
Dispersive X-ray) analysis were performed on PM2.5 collected on a
24 h basis; EBC, OPS derived size-distributions (0.3e10 mm) and
concentrations of many gaseous compounds were obtained with an
hourly temporal resolution. To complete the study, columnar-
integrated AODs, Ångstr€om turbidity parameters and aerosol
number and volume size distributions were determined using
radiometric measurements. Measured AODs were the input of a
suitable technique that allowed to estimate the main aerosol
columnar components contributing to the solar radiation attenu-
ation. Possible correlations between ground-measured EBC con-
centrations and columnar BC contribution to the total AODs were
investigated.
2. COVA plant: site and processes description

The IMAA measurements campaign was held in the Agri Valley,
a rural area surrounded by the “Appennino Lucano Val d'Agri
Lagonegrese” National Park. It hosts one of Europe's’ biggest
onshore oil fields with 27 oil wells, that were producing about
82,000 barrels of oil equivalent (BOE) per day when the study was
conducted (ENI, 2014) and the largest pre-treatment oil plant
(170,000 m2) “ENI Centro Olio Val d'Agri” (COVA, 40.68�N,15.53�E).
This area, traversed by the SS598 main road, houses a few villages
with about 50,000 inhabitants. The instruments were located very
close to the plant (less than 400 m from the security torches and
about 500 m from the incinerators). Fig. 1a shows a map of the
COVA plant and the measurement site. The crude oil from both Val
d’Agri and Monte Alpi productions is processed at COVA, to sepa-
rating the three phases; treated crude oil, gas and water. The main
processes undertaken in this area are: gas desulfurization using
hydrogen sulfide dissolution into methyl-dietanolamine (MDEA),
H2S conversion into liquid S by Claus process and SCOT (Shell Claus
off-gas treatment) process, and gas dehydration (Prefettura
Potenza, 2013). The Claus process is coupled with the SCOT pro-
cess for gas tail treatment and mainly consists of the partial com-
bustion of the hydrogen sulfide-rich gas stream and the subsequent
reaction of the unburnt hydrogen sulfide with the sulfur dioxide in
the presence of alumina catalyst to produce elemental sulfur (EU-
JRC-IPTS, 2015).

Gas dehydration occurs by means of triethylene glycol (TEG) or
by alumina beds depending on the different characteristics of
processed crude oil. The regenerating TEG process leads to the
production of water, CO2 and light hydrocarbon vapors which are
burnt within the incinerators. Some more emissions can be derived
from the process water that, with a high content of salts, oil, sus-
pended solids and gas, is treated to separate oil from gas which is
finally sent to the incinerator (Prefettura Potenza, 2013).

It is important to note that details on processes cycles at the
COVA plant are unknown, resulting in an expected high variability
in emissions.

http://creativecommons.org/licenses/by-nc-nd/4.0/


Fig. 1. Location of the COVA plant and of the measurement site (a). Wind rose calculated for the period July 2�17 overlapping the COVA plant (b). Aerial maps courtesy of Google
Earth (http://earth.google.com).
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3. Instruments and methods

A mobile laboratory was set up in COVA (Fig. 1a) to carry out an
intensive field campaign using a multi-instrumental approach to
study physical, chemical, morphological and optical properties in
atmospheric aerosols from 2 to 17 July 2013.

PM2.5 aerosol particles were collected using a low volume (16.7 l
min-1 flow rate) gravimetric sampler (TCR Tecora) on poly-
carbonate filters (Ø¼ 47mm). The sampling timewas 24 h (starting
from 12:00 p.m.), and each filter was humidity-conditioned in a
filter-conditioning cabinet (T ¼ 20 ± 2 �C and RH ¼ 50 ± 5%) before
and after sampling for 48 h. The PM2.5 mass was determined using a
gravimetric method and an analytical microbalance with a sensi-
tivity of ±1 mg. To determine trace elements content in PM2.5
samples, filters were acidic digested following the chemical pro-
tocol described in Caggiano et al. (2001). The total concentrations of
seventeen trace elements were measured using an Inductively
Coupled Plasma Optical Emission Spectrometry (ICP-OES, Varian -
Vista MPX) or an Atomic Absorption Spectrometry Furnace
Graphite (GFAAS).

The method detection limit (MDL) was used to determine the
lowest concentration level that can be detected as statistically
different from a blank. The efficiency of the extraction procedure
was tested using the National Institute of Standard and Technology
(NIST) standard reference material Urban Particulate Matter, SRM
1 648. Recovery efficiencies were in the range of the certified
standard. Trace element recovery percentages were found within
the ranges of 100 ± 15%, and the blank contributionwas found to be
<10% of the measured values.

PM2.5 samples were also analyzed using a field emission scan-
ning electron microscope (FESEM) equipped with an Energy
Dispersive X-ray Spectrometer (EDS, Oxford Inca Energy 350). A
small portion (0.5 cm2) of the filter was attached to an aluminum
stub using a carbon sticky tab and was subsequently carbon coated.
The samples were examined using images taken by secondary
electron (SE) and back-scattered electron (BSE) detectors. For each
sample a total of 350 particles with a diameter of more than 400 nm
was manually analyzed and classified based on both their
morphology and chemical compositions. Although the EDS was
equipped with an ultrathin window to allow direct analysis of
carbon and oxygen, only elements with Z > 10 (Na) were consid-
ered in the X-ray spectra evaluation as the samples were graphite-
coated, and carbon and oxygen were present in the polycarbonate
filters.

An optical particle sizer, TSI 3 330 OPS, working at a flow rate of
1 Lm-1, was used to detect particles in 16 channels, from 0.3 to
10 mm in diameter, to obtain the size distribution of particle number
concentrations with a time resolution of 5 min.

EBC content was determined using a Rack-Mount 7-
wavelengths Magee Scientific aethalometer AE31 (l ¼ 370, 470,
520, 590, 660, 880, 950 nm), which measures the attenuation of
light transmitted from seven lamps due to the absorption proper-
ties of carbonaceous aerosol collected on the quartz fiber filter. EBC
concentrations were derived from the absorption coefficients saer
measured at the 7 wavelengths, assuming a mass absorption cross
section (MAC) inversely proportional to the wavelength (Hansen,
2005). A value of 16.6 m2g�1 was used for MAC at 880 nm. The
instrument was set with a cut size-selective cyclone for particles
with aerodynamic diameters of less than 2.5 mm, a flow rate of 4 L/
min, and a time-resolution of 5 min. To minimize the shadowing
effect, a tape advancing time of 1 h was chosen (Calvello et al.,
2015). No correction for the scattering effect was performed due
to lack of contemporary scattering measurements, thus leading to a
possible overestimation in the absolute EBC values.

Continuous and near-real-time measurements of the concen-
trations of several gaseous compounds were provided by the

http://earth.google.com
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Agenzia Regionale per la Protezione dell’Ambiente (ARPA) Basili-
cata monitoring station, Viggiano Zona Industriale (VZI, 40.18�N,
15.54�E, 565 m a.s.l). In particular concentrations of sulfur dioxide
(SO2), carbon monoxide (CO), nitrogen dioxide (NO2), hydrogen
sulfide (H2S), methane (CH4), non-methane hydrocarbons
(NMHCs), benzene (C6H6), and toluene were considered for this
study. In addition, the main meteorological parameters i.e air
temperature (T), relative humidity (RH), atmospheric pressure (P)
and global radiation (GR), wind direction (wd, Fig. 1b), wind speed
(ws) and rainfall (rf) were provided. A detailed description of the
measurement methods used at the VZI station is reported in
Calvello et al. (2014).

Ground based columnar measurements were carried out using a
high resolution (1.5 nm) S2000 Ocean Optics spectro - radiometer
(spectral range 400 nme800 nm), in cloudless conditions, with a
time resolution of 15 min. The parameters estimated by measuring
the attenuation of solar direct irradiance at ground level were AOD,
Ångstr€om exponent (alpha) and aerosol number and volume size
distributions. In particular, the estimated AODs were used as inputs
in a suitable technique, based on the aerosol components from the
OPAC (Optical Properties of Aerosols and Clouds)model, to estimate
the contribution of different atmospheric aerosol components us-
ing aminimization procedure (Pavese et al., 2016). According to this
technique, total optical depth is expressed as a linear combination
of the partial optical depths corresponding to each of the eight
OPAC components, i.e water soluble (WS), Black Carbon (BC), sea
salt coarse mode (SScoa), sea salt accumulation mode (SSacc),
mineral transported (MT), mineral nucleation (Mnuc), biogenic
(Bio) and mineral coarse (Mcoa).

To support data interpretation, trajectories analysis were per-
formed using a HYSPLIT4 (Draxler and Rolph, 2003). Back-
trajectories were calculated for each day in order to obtain an
overview of the main aerosol transport phenomena.

Aerosol property analysis was performed on two different
temporal scales: the 24 h mean values allowed comparison with
PM2.5 and trace elementsmeasurements, and subsequent SEM-EDX
analysis. Higher temporal resolution (1 h) measurements were
useful to improve the assessment, when present, of the rapid var-
iations in COVA emissions often characterized by short and intense
peaks (Calvello et al., 2015, 2014).

4. Observations and discussion

To obtain potential day-by-day concentration variations, an
overview of 24 h means for the main measured in-situ and mete-
orological parameters is reported in Table 1.
Table 1
Mean daily concentrations of atmospheric and meteorological parameters with correspo

Parameter 07/02 07/03 07/11 07/12

PM2.5 (mg/Nm3) 5.3 2.2 8.8 3.6
EBC (ng/m3) 667 ± 245 956 ± 252 747 ± 179 820 ± 334
SO2 (mg/m3) 6.8 ± 3.4 9.6 ± 4.6 5.7 ± 3.3 4.5 ± 2.1
NO2 (mg/m3) 10.7 ± 8.0 18.2 ± 14.7 12.4 ± 12.8 8.1 ± 2.5
CO (mg/m3) 0.25 ± 0.01 0.28 ± 0.02 0.25 ± 0.01 0.25 ± 0.04
C6H6 (mg/m3) 0.65 ± 0.13 0.83 ± 0.31 0.82 ± 0.14 0.90 ± 0.42
toluene (mg/m3) 0.37 ± 0.14 0.60 ± 0.31 0.66 ± 0.21 0.99 ± 1.29
CH4(mgC/m3) 926 ± 44 934 ± 55 918 ± 46 918 ± 38
NMHC(mgC/m3) 59.7 ± 38.3 124.2 ± 160.1 67.8 ± 12.6 73.5 ± 31.5
H2S (mg/m3) 1.6 ± 0.4 1.8 ± 0.4 1.7 ± 0.4 1.7 ± 0.4
T (�C) 20 ± 6 21 ± 6 19 ± 4 20 ± 5
RH (%) 55 ± 19 61 ± 18 83 ± 14 80 ± 18
P (mBar) 946 ± 1 945 ± 1 942 ± 1 945 ± 1
GR (W/m2) 286 ± 351 281 ± 344 201 ± 244 262 ± 358
ws (m/s) 1.17 ± 0.70 1.51 ± 1.02 0.94 ± 0.56 1.08 ± 0.91
rain (mm) 0.11 0.17 1.8 0.16
PM2.5 daily mass concentration observed in the Agri Valley
during the IMAA campaign ranged between 2.2 mg m�3 and
8.8 mg m�3 with a mean value of 5.0 ± 2.4 mg m�3 over the entire
period.

The minimum of PM2.5 was registered on July 3 together with
maximum values of EBC, NO2, SO2, CH4, NMHC and CO.

Measured PM2.5 mass concentrations are comparable with
values measured in rural and background sites (Contini et al., 2014;
Hueglin et al., 2005) and generally lower than those observed in
other industrial or urban areas (Cesari et al., 2016; Sudheer and
Rengarajan, 2012).

EBC values are higher than both mean values observed during
July and September in 2013 (545 ± 324 ng/m3) and mean values
(568 ± 362 ng/m3) for 2013 (Calvello et al., 2015). EBC concentra-
tions measured during the IMAA campaign are also higher than
500 ng/m3, measured at an industrial site (oil and gas activities) in a
rural area in Texas, over a 20 day period in June 2011 (Rutter et al.,
2015).

In general, mean values of gaseous compounds are lower than
mean values found between September and October in 2013 at the
site (Calvello et al., 2014), probably related to a higher mixing
height. However, in relation to SO2, measured concentrations are
comparable or even higher than those from long-term datasets
from traffic, urban background and industrial sites in Europe as
reported in Karanasiou et al. (2014) and Reche et al. (2011). These
relevant SO2 concentrations agree with Semeniuk et al. (2015) at
the Habshan industrial site in United Arab Emirates, where oil and
gas processing represents the main source of pollution at a
regional-scale, and for Bari and Kindzierski (2017) for the Red Deer
county in Canada which hosts oil and gas industries.

Regarding the aerosol columnar optical properties, a summary
of the radiometric data i.e spectral AOD, alpha exponent and
inverted size distribution for July 3, 16 and 17 is reported in Fig. S1
of the supplementary material. The obtained AODs were used as
the input data for the radiometric model described in Section 3 and
in Pavese et al. (2016) to evaluate the contribution of the modeled
aerosol components compared with the measured columnar AODs.
In particular, considering the characteristics of the measurement
site, the following 8 components were considered suitable in
describing the aerosol loading: water soluble (WS), black carbon
(BC), sea salt coarse mode (SScoa), sea salt accumulation mode
(SSacc), mineral transported (MT), mineral nucleation (Mnuc),
mineral coarse (Mcoa) and biogenic (Bio). As reported in Pavese
et al. (2016), WS and BC components generally prevail in polluted
conditions, well representing the fine anthropogenic fraction of
aerosols. Apart from cases in marine or desert sites, sea-salt and
nding standard deviations.

07/13 07/14 07/15 07/16 07/17

3.4 2.9 7.9 3.3 7.2
818 ± 231 851 ± 338 838 ± 614 674 ± 131 663 ± 209
8.4 ± 6.7 4.4 ± 0.7 4.8 ± 1.0 5.9 ± 3.6 4.8 ± 1.6
11.6 ± 9.2 7.2 ± 1.4 8.1 ± 2.5 8.4 ± 4.2 6.6 ± 1.3
0.25 ± 0.02 0.25 ± 0.01 0.24 ± 0.01 0.25 ± 0.02 0.23 ± 0.01
0.90 ± 0.23 0.90 ± 0.14 0.78 ± 0.16 0.96 ± 0.31 0.82 ± 0.13
0.76 ± 0.30 0.71 ± 0.34 0.48 ± 0.13 0.58 ± 0.32 0.43 ± 0.16
931 ± 53 933 ± 65
74.8 ± 35.7 64.8 ± 9.8
2.1 ± 1.1 1.7 ± 0.5 1.7 ± 0.4 1.9 ± 0.4 1.6 ± 0.4
21 ± 6 20 ± 3 21 ± 5 21 ± 6 20 ± 6
74 ± 21 83 ± 13 70 ± 20 57 ± 18 59 ± 18
946 ± 1 946 ± 1 946 ± 1 947 ± 1 947 ± 1
282 ± 341 157 ± 211 267 ± 340 271 ± 352 302 ± 373
1.07 ± 0.81 0.84 ± 0.60 0.88 ± 0.30 1.35 ± 0.68 1.39 ± 0.55
0.00 0.10 0.01 0.00 0.01



Table 2
Mean, standard deviation, minimum and maximum values of concentrations
(expressed in ng/m3) of the 17 measured trace elements.

Element Mean St.Dev Min Max

S 703,1 1054,9 60,8 3379,1
Ca 657,1 423,0 178,9 1187,7
Fe 335,0 285,9 91,1 827,8
Na 177,1 67,1 111,4 307,4
K 166,0 50,9 117,1 246,9
Mg 107,4 27,8 67,2 150,1
Al 87,8 60,7 42,4 210,7
Zn 80,1 68,5 15,1 245,2
Li 37,4 5,4 28,8 45,2
P 36,5 14,9 20,1 70,5
Cr 24,8 5,9 16,0 34,8
Ti 22,3 8,4 10,7 38,1
Mn 14,4 10,4 4,0 33,2
Cu 13,2 8,6 2,9 27,8
Pb 4,3 2,5 0,8 9,0
Ni 4,0 2,5 1,4 8,9
Cd 0,9 1,3 0,0 4,0
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mineral components account for transported aerosols from the sea
or from desert areas respectively, even if a part of mineral
component can also be associated with re-suspended dust.
Anthropogenic emissions from COVA were expected to mainly in-
fluence the aerosol loading at the site and the radiometric model
results, reported in pie-plots in Fig. 2, are consistent with this hy-
pothesis. In fact, a similar composition was obtained for both July 3
and 16, with the maximum contribution of the fine anthropogenic
aerosols (BC þWS accounting for 52%e57%). The traffic from heavy
vehicles in related to COVA activities and the presence of many
unpaved roads in the vicinity of the plant was assumed to represent
a source of coarse mineral particles, verified by the presence of a
relevant contribution of Mcoa to the total AOD (about 24%). Hysplit
trajectories calculated for July 3, 16 and 17 (Fig. S2 of the supple-
mentary material) allowed verification that for July 17 most air-
masses originated over the Atlantic Ocean in agreement with a
more heterogeneous situation described by model results (Fig. 2).
In fact in this case a non negligible contribution of sea-salts parti-
cles (fine and coarse accounting for about 32%) was found.

With regards to biogenic aerosols component, a similar contri-
bution (from about 10% to 15%) was found for all three days,
probably due to the summer season.
4.1. Trace elemental PM2.5 composition

Table 2 shows the mean concentrations of the 17 trace elements
measured in PM2.5 aerosol particles at the site. The most abundant
trace elements were S, Ca, Fe, Na, K and Mg with average concen-
trations ranging from 100 to 700 ng m�3. Moderate abundances
were obtained for Al and Zn (87 and 80 ng m�3, respectively) fol-
lowed by Li, P, Cr, Ti, Mn and Cu with concentrations ranging from
10 to 100 ng m�3. Finally, the trace elements with concentrations
less than 5 ng m�3 were Pb, Ni and Cd.

Compared with data reported in literature, mean concentration
of Ca is higher than those found at other suburban/rural and rural
background (Schwarz et al., 2016) sites or other industrial/urban
sites. Al shows mean concentration values similar to those
measured in a highly industrialized chemical/petrochemical area
(Paulino et al., 2014). Atmospheric mean concentrations of Fe, Cu,
Ni, Mn, Zn, Cr and Ti are significantly higher if compared to the
values from other urban/industrial sites (Contini et al., 2014;
Paulino et al., 2014), but lower if compared with mean values
observed in polluted sites (Chen et al., 2015). Cd, K, Li, Mg, Na and S
mean concentrations show comparable or lower values than those
reported at industrial and sub-urban sites (Hieu and Lee, 2010;
Vecchi et al., 2004).

As far as Pb concentration is concerned, similar concentrations
of a background area were found (Schwarz et al., 2016), lower than
those measured on industrial and urban sites (Contini et al., 2014;
Sudheer and Rengarajan, 2012).
Fig. 2. Model-estimated columnar aerosol percentage compositions for July 3, 16 and 17. Ea
In order to gain a better understanding of the correlation
structure between the measured trace element concentrations,
Pearson's correlation coefficients (r) are reported in Table 3, as a
high correlation coefficient between two trace elements could
mean a common source. The more significant correlations
(r > 0.80) are indicated in bold and relate to Al-Na, Na-K, Zn-S, Zn-
Ni.

The correlation Al-Na (r ¼ 0.85) is generally due to a natural
source mainly related to crustal material and natural long-range
transport. In this area, behind the natural source of these ele-
ments, this significant correlation could be explained by a common
local anthropogenic source, mainly related to oil desulfurization by
means of NaOH and NaHCO3, and sulfur liquefaction (Al2O3 used as
a catalyst) by the COVA industrial process (EU-JRC-IPTS, 2015). In
fact, even if it is not mentioned in any ENI document regarding the
COVA plant, as described in EU-JRC-IPTS (2015), the LABSORB
regenerative process is based on an absorption/regeneration cycle
including the use of an absorbing solution containing caustic soda
and phosphoric acid to capture SO2 as sodiumbisulphite.

A high correlation of K was found with Na (r ¼ 0.87), which
could be due to both anthropogenic sources of K related to com-
bustion processes and to natural sources.

The significant correlation between Zn-S and Zn-Ni is inter-
esting, Zn and Ni are present in high concentrations in the study
area and are commonly considered tracers of industrial process. In
particular, Ni is a tracer of oil-burning and/or oil refining industries
(Celo and Dabek-Zlotorzynsk, 2010). Their correlation, therefore,
together with a good correlation between S-Zn could suggest a
common anthropogenic/industrial origin.
ch AOD component is affected on average by a 10% error (experimental and statistical).



Table 3
Pearson correlation coefficients calculated for the 17 measured trace elements and PM2.5.

Al Ca Cd Cr Cu Fe K Li Mg Mn Na Ni P Pb S Ti Zn PM2.5

Al 1,00 0,16 0,36 0,14 0,17 0,38 0,59 0,47 0,02 0,03 0,85 0,04 0,09 0,34 0,03 0,22 0,09 �0,06
Ca 1,00 0,43 0,74 0,59 0,12 0,19 0,16 0,21 0,11 0,10 0,42 0,47 0,68 0,21 0,06 0,14 0,34
Cd 1,00 0,14 0,12 0,62 0,05 0,45 0,55 0,32 0,33 0,28 0,43 0,58 0,24 0,30 0,10 0,27
Cr 1,00 0,77 0,43 0,13 0,16 0,67 0,27 0,20 0,21 0,11 0,24 0,09 0,43 0,21 0,00
Cu 1,00 0,29 0,42 0,31 0,59 0,42 0,40 0,53 0,39 0,49 0,34 0,59 0,17 0,29
Fe 1,00 0,32 0,35 0,69 0,56 0,28 0,17 0,20 0,64 0,32 0,59 0,03 0,04
K 1,00 0,01 0,37 0,35 0,87 0,74 0,17 0,60 0,45 0,02 0,53 0,38
Li 1,00 0,22 0,55 0,29 0,30 0,12 0,13 0,01 0,05 0,40 0,20
Mg 1,00 0,14 0,33 0,26 0,34 0,08 0,36 0,65 0,17 0,25
Mn 1,00 0,24 0,11 0,53 0,19 0,26 0,28 0,18 �0,13
Na 1,00 0,38 0,25 0,47 0,17 0,09 0,14 0,03
Ni 1,00 0,26 0,61 0,68 0,13 0,81 0,60
P 1,00 0,48 0,10 0,16 0,06 �0,38
Pb 1,00 0,03 0,07 0,16 0,48
S 1,00 0,35 0,87 0,51
Ti 1,00 0,24 �0,28
Zn 1,00 0,50
PM2.5 1,00

Values in bold indicate the significant correlations.
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4.2. SEM-EDX results

Based on both morphology and chemical composition, particles
collected during the IMAA campaign were grouped into Silicates,
Ca-bearing, Metal, Fly ash, S-rich, Silica and Silicate mixture parti-
cles as reported in Table 4. Carbonaceous particles were not
counted in this analysis due to the interference with both Carbon in
graphite filters coating and Carbon within polycarbonate filters,
however morphological and chemical analysis was performed on
these particles.

In order to estimate the error associated with the particles
classification, a cross check procedure was carried out according to
Semeniuk et al. (2015) and our previous experience (Lettino et al.,
2017; Pavese et al., 2016). In fact, particles were checked for both
morphologies and EDX spectra, obtaining an estimated error <1%
for their attribution to the different families. For this reason, fam-
ilies with particle number percentages less than 1% were not
considered in this study, apart from fly ash due to both their
spherical morphology and typical composition allowing an easier
and unequivocal classification.

At very first glance, peculiar morphologies at this site, particu-
larly for Silicates, Ca-bearing, Silica and Silicates mixtures were
highlighted. Silicates can have an irregular shape or the usual
lamellar morphology of clay minerals (Fig. 3a) and can sometimes
be found as slag particles with a rough surface texture (Fig. 3b)
(Latifi et al., 2015; Xie et al., 2005). They are composed by Si and Al,
mainly associated with Fe and K and subordinately to Ca and Mg.
Less often, silicates are foundwith Si-Fe and/or Ca and/orMg only. S
is frequently found in Silicates composition due to heterogeneous
reactions that have likely taken place over particles surfaces.

Silicates found were abundant for all measurement days, with
Table 4
Classification criteria of different particle groups and their number percentage for each s

Particle groups Major selection criteria Chemicalaand Morphological 07/02

Silicate Si þ Al > 60% 23.6
Ca_bearing Ca þ Mg>90% sometime with minor Fe or P or Na 19.3
Metal Metals (Fe, Zn, Al, Mn, Cu, Ti) > 80% 27.0
S-rich S>30% and (Ca and/or Mg and/or Al and/or Na) > 40% 22.3
Silice Si>85% 5.6
Fly ash Si þ Al > 60% and spherical 0.9
Silicate mixtures Mixtures of silicate and another particle groups 1.3

a X-ray intensities of elements relative to the sum of net counts of elements with Z >
number percentages varying from the minimum value of 21% on
July 11 to the maximum value of 42% on July 16. The lower values
were mostly associated with a decrease in the coarse fraction
(D > 1 mm).

The most frequent compositions of Ca-bearing particles were
Ca-Al-Na or Ca-Mg, rarely Ca-only. Small quantities of Fe and/or P
could enter into the particles composition. Morphology and
dimension allow for the discrimination between different Ca-
bearing particles. Ca-Al-Na particles, mostly <1 mm, showed
rough surfaces and signs of cracks, (Fig. 3c), Ca-only particles, <
1 mm, were irregularly shaped and with soluble phases on their
surfaces. Ca-Mg particles were greater than 1 mmand show squat or
irregular shape with smooth surfaces (Fig. 3d). Ca-bearing particles
number percentages varied in the 5e19% range with higher values
on July 2 and mainly due to an increase in the Ca-Mg fraction.

Metals oxides/hydroxides were irregularly shaped (Fig. 3e),
sometimes as spherical particles (Fig. 3f), generally less than 1 mm
sized. Fe is the main component with some S and Si traces. Zn is
also quite often associated with Fe and/or S and/or Na, and char-
acterizes the chemical composition as previously assessed by
chemical analysis, whereas metallic Fe phases associated with Cu,
Cr, Ni, Pb, are more rare. Metal oxides/hydroxides represent
approximately between 20% and 30% of the total number of
particles.

The typical spherical shape characterizes fly ashes with a
chemical composition mostly attributable to Si-Al-K-Fe ± Mg, þ/�
Ca. They are sometimes found as particles with localized Na-
sulfates salts on the surface (Fig. 3g). Generally fly ash contribu-
tion to the total number of particles is low (~1%) with higher values
on July 11 (3.1%) and 12 (2.6%). This increase could be due to long-
range transport contribution. In fact, the low-level HYSPLIT airmass
ampling day.

07/03 07/11 07/12 07/13 07/14 07/15 07/16 07/17

27.8 21.0 40.7 36.7 36.5 39.0 42.0 33.0
11.0 8.5 4.8 8.6 4.8 6.0 6.0 9.5
23.2 22.3 27.8 24.9 21.6 34.1 28.0 26.2
29.5 32.6 16.5 14.5 26.0 10.9 11.2 18.6
5.1 7.6 3.3 10.9 6.3 4.9 8.0 8.6
0.0 3.1 2.6 1.4 0.5 0.7 1.2 1.4
3.4 4.9 4.4 3.2 4.3 4.5 3.6 2.7

10.



Fig. 3. SEM photomicrographs of airborne particles sampled on the polycarbonate filter in the Agri Valley. (a) phyllosilicates (clay minerals), (b) agglomerate of small silicate
particles (slag), (c) aggregate phases mainly composed of Ca with Na and Al, (d) Ca-Mg carbonate (dolomite), (e) Iron particle, (f) Fe-Zn particle, (g) fly ash particle with Na-sulfates
on the surface, (h) aggregate crystal of Ca-Na-sulfates, (i) soil derived quartz, (l) Beam-damaged non-mineral particle mainly composed of Si (amorphous silica), (m) embedded soot,
(n) fresh soot aggregate.
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moves very close to the ground in Northern-Eastern Europe before
its arrival at the measurement site (Fig. S3 of the supplementary
material).

S-rich particles were mostly found as Ca and Na sulfate particles
and, subordinately, as S-only or S-Na particles. Occasionally S-K
crystals with dimensions of <1 mm and, sometimes, > 1 mm were
observed. In particular, Ca-Na-S particles were found as heteroge-
neous phases of Ca-S aggregated elongated crystals with Na-S
formations on their surface (Fig. 3h). S-only particles were found
in the finer fraction as droplets (H2SO4), whereas S-Na particles
could be partially or totally reacted H2SO4 aerosol giving (NH4)2SO4
or Na2SO4. S-rich particle number percentages varied from 11% to
33% with higher values on July 3, 11 and 14. On July 11, 14 and 17 an
increased contribution of the S-only group was observed.

Silica particles can vary in size, with morphologies of natural
quartz (squat particles and smooth surfaces, Fig. 3i) or they can be
irregularly shaped with rough surfaces. In this case, they can have a
melted aspect or can be easily beam-damaged suggesting an
amorphous phase or the presence of soluble phases on their surface
(Fig. 3l). As well as for silicates, coarser Silica particle fractions were
minimum on July 11.

Silicates mixtures were mainly composed of Si, S and Ca, with
minor contributions of Al, Mg, K and Fe and, for this reason, are
classified as mixed particles (gypsum/silicate and/or Ca-Mg-
carbonates).

Carbonaceous particles, including biogenic (fungal spores and
biogenic fragments), organic particles and soot also contribute to
the aerosol composition and as previously mentioned, were not
counted. However morphological analyses were performed on soot
particles in particular and were generally found as 1e3 mm sized
embedded clusters (aged soot, Fig. 3m), and particularly less
frequently as spherules chains on July (fresh soot, Fig. 3n). The
presence of S-coating was often detected by EDX spectra.



Table 5
Central diameters of the 16 OPS channels.

Bins 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

D (mm) 0.34 0.42 0.52 0.65 0.81 1.0 1.2 1.6 1.9 2.4 3.0 3.7 4.7 5.8 7.2 9.0
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4.3. EBC, OPS and gaseous compound measurements

Throughout each measurement day a very low variability was
observed for OPS 1-hourly averaged size distributions, each of them
were well represented by the 24 h averaged distribution (Fig. S4 of
the supplementary material). To compare OPS data to both EBC and
gaseous compound data on the higher resolution temporal scale of
1 h, different OPS channels (central diameters for each OPS channel
are reported in Table 5) were considered separately to observe the
variations of temporal patterns. In addition, daily correlation co-
efficients between the different atmospheric components and OPS
channels were calculated.

The contribution of the atmospheric components compared to
the total number of particles counted by OPS changes on a day-by-
day basis as shown in Fig. 4 where, as an example, temporal trends
of hourly averaged OPS counts for channel 1 (OPS1 hereafter)
together with EBC and some gaseous compounds averaged hourly
concentrations are reported. OPS1 is considered as representative of
the finest fraction of the size distribution that was verified to be
more influenced by both EBC and gaseous compounds (CH4, NO2
and SO2) concentration variability.

Due to the typical dimensions of fresh emitted EBC (Bond et al.,
2013; Lack et al., 2014) and to the strong vicinity of the measure-
ment site to COVA, a relevant contribution of fresh EBC to the fine
particles loading at the site was expected. The similar temporal
patterns of EBC and OPS1 for all measurement days (Fig. 4a) are
consistent with this hypothesis. In particular, during the early
morning of July 15th (Fig. 4a), a process mostly involving BC par-
ticles can be assumed to have occurred due to the presence of the
intense simultaneous peak for EBC and OPS1 only, registered at 5.25
a.m. GMT. The highest values of correlation coefficients calculated
among between EBC and OPS channels were recorded on July 14
with R2 ranging from 0.77 to 0.91 for the first four OPS channels.

Based on previous studies by Calvello et al. (2014, 2015) for the
same site, an overall concurrence between EBC and CH4 temporal
trends was expected. The CH4 and the EBC morning concentration
peaks coincided for most of the measurement days agreeing with
the previous findings. As shown in Fig. 4b, the recurrent CH4 peaks
during the morning hours play a role in the fine particle load in-
crease particularly on July 14 when, as for EBC, a good correlation
was found among the first three OPS channels
(0.34 mm < D < 0.65 mm) and CH4 with R2 ranging from 0.65 to 0.71.
Simultaneous emissions of fresh BC particles and CH4 molecules
could be inferred on this day based on the concurrence between
EBC and CH4 (R2 ¼ 0.7).

The well-known role of NO2 and SO2 as precursors in the for-
mation of secondary aerosols (Indarto, 2012) could explain the
coincidence of their concentration peaks with OPS1 peaks as in
Fig. 4c and d. In fact, the 1 h averaging period was thought to be
enough for NO2 and SO2 to become acids with the typical time of
reaction of 4.3� 10�3 s�1 (Indarto, 2012) and then participate to the
gas-particle partitioning.
4.4. Integrating SEM-EDX observations and chemical analysis

Beginning with the integration of SEM-EDX observations and
PM2.5 chemical analysis, attention was focused on some processes
occurring at COVA, or strictly related to COVA activities as the
erosion of the plant pipelines or the traffic from heavy vehicles,
thought to be responsible for the distinctive features in the
observed particles. In addition, the possible influence of RH on the
formation of particles was examined exploiting the useful in-
dications obtained by this integrated approach.

The common use of powders containing Ca, Al and Na (CaCO3,
CaO, Ca(OH)2, Al2O3, NaOH, NaHCO3) in desulfurization and sulfur
liquefaction processes, was supposed to be the main source of Ca-
Na-Al particles detected by SEM-EDX analysis, especially in the
fine fraction of all samples. Their peculiar morphology, different
from the typical natural crustal morphology of Ca-Mg-carbonates,
is characterized by rough surfaces and signs of cracks, probably
produced by the above-cited anthropogenic processes that could
have also lead to the production of Ca-S and Ca-S-Na particles
found on filters. The chemical analysis described above are
consistent with this hypothesis thanks to the relevant correlation
between Na and Al (Table 3).

The continuous plant pipeline erosion, a source of emissions
independent from COVA activities, is expected to be related to the
poor day-by-day variability in metals oxides/hydroxides composi-
tionwith Fe, Zn and Al as the prevailing elements, found using both
chemical analysis and SEM observations.

The observations on Sunday 14 July showed a strong decrease in
Ca-Mg particles number percentage contribution compared to
other days and this result is consistent with the re-suspension from
unpaved road as the main source of Ca-Mg particles emission
probably due to the influence of heavy traffic in the vicinity.

The role of RH in the modification of the efficiency in gas to
particle conversion processes, especially for S-compounds, was
investigated starting from the variability of RH values (Table 1).

Low values of RH (61%) on July 3, correspondedwith aminimum
of PM2.5 together with maximum concentrations of most gaseous
compounds and a low amount of S-only particles detected by SEM-
EDX, being consistent with a reduction in gas-to particle conver-
sion. This was strengthened by the results from July 11 when PM2.5

and S mass concentrations were maximum, the S-only particles
contribution increased due to higher RH values (83%), even though
SO2 concentrations were lower (Table 1). An intermediate situation
was observed on July 14 when lower SO2 emissions and the same
RH compared with July 11, corresponded with lower S mass
concentration.
5. Conclusions

A multi-instrumental approach allowed the ample character-
ization of aerosol loading at the COVA site in the Agri Valley during
the short-term IMAA campaign. This was the first attempt to
integrate differentmeasurement techniques in such a unique site to
better assess aerosol chemical, morphological and optical proper-
ties and to obtain information onmixing effects and transformation
processes also related to meteorological parameters. Chemical
analysis on PM2.5 filters provided a picture of relative abundances
of different elements highlighting the role of S, Zn and Ni as
markers of COVA activities. SEM morphological observations
enriched the description with the main families of particles
detected at the site, allowing for the identification of anthropogenic
origin of many silicates likely modified by extraction processes or
by Ca-Al-Na particles from desulfurization and sulfur liquefaction



Fig. 4. Temporal patterns of hourly concentrations of a) OPS1 and EBC, b) OPS1 and CH4, c) OPS1 and NO2, d) OPS1 and SO2. The blue vertical lines indicate the period of mea-
surement stops. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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processes. The simultaneous use of an OPS, an aethalometer and
the availability of gaseous concentration data allowed for the
verification of the key role of gaseous emissions, typical of oil
processing such as SO2 and CH4, in formation processes of particles.
EBC concentrations were found to significantly contribute to the
total number of fine particles measured by OPS (fresh BC). The
ability to compare PM2.5 mass data, SEM-EDX observations and
meteorological parameters provided information on gas-to-particle
conversion mechanisms strongly influenced by RH.

The comparison among in-situ and columnar observations
allowed for the evaluation of and towhich extent aerosol loading in
the lower layers influences the upper layers. On July 3, the con-
current higher concentration values for EBC and for most of the
gaseous compounds at ground level, concurred with the maximum
contribution of the fine mode anthropogenic aerosols (BC þ WS)
estimated over the atmospheric column.

Based on the results, the integrated approach used in this study
can contribute to improve the assessment of the impact of indus-
trial emissions from COVA on air quality in the Agri Valley, repre-
senting a key element in planning pollution control management
policies. In addition, this kind of study can be reproduced at similar
sites, where attention is generally focused on gaseous compounds,
thus giving a more complete picture which includes information on
the aerosol fraction.
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