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Featured Application: Results presented in this work demonstrated that the elemental carbons
have a role in the formation of electrical bridging phenomena in synergy with hygroscopic aerosol
components. Applications are related to filtering systems in free cooled data centers and cleaning
protocol (e.g., for high power level insulators) able to remove the elemental carbon hydrophobic
element and not only the hydrophilic compounds to avoid shorts and failures.

Abstract: The role of the elemental carbon (EC), in synergy with hygroscopic ionic species, was
investigated to study the formation of electrical bridging phenomena once the aerosol deliquescence
is achieved. Ambient aerosol samples were collected on hydrophobic surfaces in urban and rural sites
in Northern Italy; their conductance was measured in an Aerosol Exposure Chamber (AEC) while
varying the relative humidity. An electric signal was detected on 64% of the collected samples with
conductance values (11.20 ± 7.43 µS) above the failure threshold (1 µS) of printed circuit boards. The
ionic content was higher for non-electrically conductive samples (43.7 ± 5.6%) than for electrically
conductive ones (37.1 ± 5.6%). Conversely, EC was two times higher for electrically conductive
samples (26.4 ± 4.1 µg cm−2; 8.4 ± 1.7%) than for non-electrical ones (12.0 ± 4.1 µg cm−2; 5.2 ± 1.9%)
suggesting that the synergy between the ionic and carbonaceous fractions is necessary to promote a
bridging phenomenon. Synthetic aerosols (EC only, saline only, mixed saline and EC) were generated
in laboratory and their conductance was measured in the AEC to verify the ambient results. Only
in case of a contemporary presence of both EC and ionic components the bridging phenomenon
occurred in keeping with the theoretical deliquescence values of each salt (R2 = 0.996).

Keywords: elemental carbon; aerosol; bridging; failure; energy; Po Valley

1. Introduction

The physical state (wet or dry) of atmospheric aerosols determines their physical–chemical
properties responsible for their behavior in various environmental processes, such as atmospheric
corrosion and bridging phenomena [1–5], interaction with solar radiation and satellite
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applications [6–11] as well as heterogeneous reactivity on the aerosol’s surface [12]. The critical
points of the phase transition of an atmospheric particle are the deliquescence and the crystallization
relative humidity (DRH and CRH). DRH and CRH determine whether in certain atmospheric conditions
aerosol particles are solid or liquid (i.e., their soluble components are in solution) in function of the
variation of the relative humidity (RH) of the surrounding atmosphere. Particularly, starting from
a RH < DRH, the aerosol is dry until RH reaches DRH; from this point the aerosol absorbs water
producing a saturated aqueous solution. Any other RH increase leads to a continuous condensation of
water (hygroscopic growth). Conversely, a reduction in RH (starting from a value above DRH) leads to
evaporation until the CRH is reached promoting the aerosol crystallization and bringing again the
aerosol to a dry state [13–16]. The DRH and the CRH depend on the chemical composition of the
aerosol itself and on the ambient temperature [11,13,14,17]. The aforementioned cycle is known as
hysteresis cycle of the aerosol [14,18,19].

Among many fields of interest, the aerosol hydration state is relevant for energy applications
related to energy distribution and electronic reliability [18,20,21]. They concern both outdoor and indoor
environment. In the first case, an example of outdoor exposed components is represented by insulators
of high voltage (HV) transmission lines. Transmission lines are used for transmission of electric power
and their continuous operation is essential for the reliability of power grid. Insulators are a relevant
part of the system, because of their role in isolation of conductors from the tower and mechanical
support for the line. Insulator performance is commonly affected by several factors: material, shape,
degradation and pollution [22,23]. The last one, combined to atmospheric conditions, plays a relevant
role in failures: hygroscopic aerosol particles, such as saline deposits layers, mostly cause flashover
during their water-soluble state [24–26]. In fact, it is well known that an insulating surface, placed
between two electrodes and moistened with atmospheric agents (dew, rain, fog, etc.), reduces its
dielectric strength [27]. This phenomenon increases when soluble pollution species dissociate in
ions, acquiring conductive characteristics. The consequence is a disruptive discharge over insulator
surface [28–30] which finally turns into energy distribution failures and financial consequences for the
energy distributor.

On the other hand, aerosols conductivity (in function of RH) also represents a central issue in
indoor contexts. Hereinafter, the term “indoor” is used in its broader meaning describing any confined
environment, ranging from an Information Technology room to a case (of any electronic device)
installed outdoors. With respect to this, atmospheric aerosols can penetrate indoor [20,31] and when
hydrated, could represent a potential danger for the indoor installed electronic components [32–35],
since they can induce three main effects on electronics [36]. First of all, electrochemical corrosion can
occur and the impact of the deposited aerosols can be different if ionic species are in the solid state or
are dissolved [1,4,5,37]. In addition, particles deposited on electronics can have mechanical effects,
such as heat accumulation on electronic circuitry, or electrical effects. For example, electrical bridging
phenomena could be caused by particles deposited between components that would normally be
electrically insulated in a printed circuit [38,39]. In addition, according to the percolation theory [40],
the aerosol loading has to exceed a critical surficial concentration value in order to create a continuous
conductive path. A further factor that affects electrical bridging caused by deposited particles is
that the conductance of aerosols can be different as a function of their physical state. If the aerosol
particles are hydrated (i.e., over the DRH with increasing RH or over the CRH if RH is decreasing
from above the DRH) the ionic components spontaneously dissolve, creating a conductive electrolytic
solution. Therefore, hygroscopic particles can potentially originate conductive paths and cause
electrical leakage [41]. Consequently, in literature, hygroscopic aerosol is believed to be the major
responsible for printed circuit boards (PCBs) failures [1,38,39,42,43].

The aerosol induced failures in indoor environment are also extremely connected with energy
consumption. In recent studies, Ferrero et al. [18,20] performed aerosol conductance measurements in
function of RH in order to set-up safe thermodynamic ranges for the electronic equipment installed
indoor in “green” Free-Cooled Data Centers to avoid any failure. Green Free-Cooled Data Centers
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consists of data centers in which outdoor air is used to cool the information technology equipment
(i.e., high-performance calculators) within a data center. However, traditionally, in order to avoid any
corrosion and failure, data centers cool the hot air produced by the information technology using
air-conditioning units through a closed-loop air cycle also drying the recycled air. This approach is
responsible for a ~35–50% of energy consumption in a data center just for the cooling process [33,34,44].
As a result, data centers are responsible for more than 2% of worldwide electricity consumption [45].
In an alarmist scenario, Andrae and Edler [46] suggested that the global power demand of data
centers could reach as much as 13% of global electricity use in 2030, corresponding to a 14-fold
increase compared with the 1.1 to 1.5% of the global electricity use, in 2010 [47]. However, Andrae [48]
revised this value to 3% in 2025. Ferrero et al. [18,20] demonstrated that a safe use (i.e., avoiding ions
deliquescence) of the Free-Cooling approach (which avoid the air-conditioning usage) leads to an
energy saving up to 80% of the cooling process allowing to avoid the emissions of tens of ktons of
CO2 and other absorbing material into the atmosphere. This is beneficial also in a climate change
mitigation perspective [49,50]. In this respect, it is well-known that aerosol components other than the
ionic inorganic fraction are hygroscopic, consequently be involved in this kind of phenomena [51,52].
Examples are carboxylic acids and other organic compounds classes [53–58]. Most important, it has
been demonstrated that even non-electrolyte substances (e.g., sucrose) can induce a deterioration of
PCB components [59].

Among the non-electrolyte substances, the elemental carbon (EC) could play a significant
role. Briefly, elemental carbon indicates carbonaceous particles deriving from combustion processes
and composed of graphene layers with small contents of heteroatoms, especially oxygen and
hydrogen [60–62]. Often the term “soot” is improperly used as a synonymous of elemental carbon
especially when laboratory flame carbonaceous material is generated. Here this term is introduced
as it was proven that flame generated soot can be electrically conductive [63], even if the measured
conductivity values (between 10−6 and 10−2 Ω−1 cm−1, depending on the sample density and on the
fuel used for soot production) could be lower than those of pure graphite (between 10−3 and 10−1 Ω−1

cm−1, depending on the sample density). This is caused by the mainly disordered and amorphous
structure of soot: in effect, unlike pure graphite that has just hybrid sp2 C atoms and valence electrons
in the remaining π-orbital, flame soot contains also some sp3 bonds [60,64]. Accordingly, supposing
that soot could play a role in electrical bridging processes caused by aerosols deposited on electronics
seems reasonable.

Despite the huge amount of aforementioned literature, up to now, to the authors’ knowledge, the
synergy between ionic components and other common atmospheric aerosol conductive species (e.g.,
the elemental carbon) in the formation of electrical bridges was never investigated. Tencer et al. [39]
discussed the surficial critical ionic density in promoting a bridging effect while Ferrero et al. [18]
determined the surficial critical aerosol density (127 ± 7.8 µg cm−2) to observe it. The threshold of 127
µg cm−2 corresponds to an ambient concentration of PM2.5 of 27.5 µg m−3 (considering the filtering
area of PM2.5 filter samples) which in Milan for example is exceeded more than ~70% of time in winter
and just ~34% of all days throughout the year. No information is available on the role of EC with
respect to the aforementioned barrier.

Therefore, the aim of this work is to investigate the role that EC, in synergy with hygroscopic
saline species, has in the formation of electrical bridging phenomena promoted by deposited aerosol
particles on hydrophobic surfaces, simulating the high voltage insulator and printed circuit boards
(PCBs) surfaces.

At this purpose, aerosol samples were collected on PTFE (Teflon) in different environments (urban
and rural site), in Northern Italy (Po Valley). The investigated sites are located in the Po Valley, a
hotspot for atmospheric pollution [65] where the dry aerosol deposition rate ranges from 30 to 70 µg
cm−2 month−1 [66] making the aerosol a potential dangerous material for energy application. Moreover,
the two urban and rural sites were chosen as affected by different EC and ionic content [67].
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The collected samples were examined measuring their conductance in an Aerosol Exposure
Chamber in function of the relative humidity (RH) meanwhile the inorganic ionic and EC content of
each sample was analyzed. In addition to field measurements, laboratory experiments, with generation
of synthetic aerosol were conducted. Pure saline, pure EC and externally mixed EC and saline aerosols
were generated and collected on hydrophobic supports; their conductance during humidity cycles was
measured as well.

All the obtained conductance measurements are discussed in relation to the quantified ionic and
EC content in the context of two significant energy application in the Italian territory: maintenance of the
insulators of high-voltage transmission lines and green data centers geared with Direct Free-Cooling.

2. Materials and Methods

This section describes the main features of the methodological approach followed to determine
the synergy between the EC and the hygroscopic saline species in promoting the formation of electrical
bridging phenomena at different RH.

At this purpose, Section 2.1 describes the aerosol sampling in different environments (urban
and rural sites). Section 2.2 is dedicated to the aerosol chemistry determination while conductance
measurements (as a function of RH) are detailed in Section 2.3. Finally, Section 2.4 describes the
generation of synthetic aerosol either saline-inorganic or EC; their conductance during humidity cycles
was measured as well.

2.1. Aerosol Sampling

The aerosol samples were collected choosing the PM2.5 as a reference standard. This choice is
supported by previous studies [18,20,33,68] in which it has been demonstrated that this fine aerosol
fraction is capable of getting into a data center despite the presence of an industrial filtering system
(MERV13). Moreover, as it has been shown in other studies [19,69] PM2.5 represents an important
fraction of the aerosol involved in the deposition mechanism occurring on vertical surfaces such as
the high voltage transmission lines insulators. In this respect, fine aerosol particles (i.e., PM2.5) have
a long residence time and are able to reach high altitudes as PM vertical profiles in the Po Valley
demonstrated [6,70,71]. Thus, PM2.5 particles are also able to reach the electric line insulators making
the choice of PM2.5 reliable for the purpose of the present study.

PM2.5 samples were collected in accordance with the EN-14907 standard on both PTFE (Ø =

47 mm, PTFE, PALL R2PJ047, 2.0 µm porosity with a retention of 1 and 2 µm particle size of 99.99%
and 3 µm particle size of 99,79%) and quartz fiber filters (Ø = 47 mm, Whatman QM-A, 2.2 µm nominal
porosity, 99.999% filtration efficiency) for 24 h with a FAI-Hydra Dual Channel Low-Volume-Sampler
(2.3 m3 h-1 flow rate). PM2.5 samples were collected at the Milan ‘Torre Sarca’ sampling site (MI-TS,
45◦31′19” N, 9◦12′46” E) and at the rural site of ‘Oasi Le Bine’ (OB, 45◦8′17.24” N 10◦26′10.99” E) from
2005 to 2009. Figure 1 presents the location of the two PM2.5 sampling sites (MI, urban and OB, rural),
which are characterized by a different chemical composition (Section 3.2) and are located in the Po
Valley (a European atmospheric pollution hot spot) [71–74] due to the frequent stable atmospheric
conditions which favors pollutant accumulation. A full description of these sampling sites and the
characterization of aerosol properties (chemical composition, vertical profiles, sources and toxicity) for
both MI-TS and OB sites was published by Ferrero et al. [7,70,73], Perrone et al. [67], Sangiorgi et al. [75].
Here we just underline that all the collected samples were stored at −18 ◦C in dark conditions in the
Filters Bank of the University of Milano Bicocca. This Filters Bank has the purpose of storing PM
samples in safe conditions for later analysis and investigations on new aspects of the research on
aerosols. For the aims of this work, comparing aerosol samples from different sampling sites was
important, since their different mean chemical compositions result in different electrical behaviors
(Section 3.2). The number of samples considered in this work together the season of sampling are
detailed in Section 3.2 and Supplementary Material (Table S1).
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PTFE filters were chosen because they are among the most common membranes for aerosol
collection, thanks to their low blank values for ions they are a suitable matrix for ion chromatography
analysis [76] (Section 2.2); in addition, previous studies [8,18,19,77] demonstrated that hydrophobic
supports are the most suitable for aerosol-water interaction measurements (e.g., via conductance
measurements). In addition, their hydrophobicity makes them a good surrogate [66] for hydrophobic
surfaces, e.g., epoxy-based composites that constitute PCBs and circuit component encapsulates [78]
and for glass/ceramic insulator material, making them a good candidate for the present study. Quartz
fiber filters were used to determined elemental and organic carbon as detailed in Section 2.2.

PTFE filters were cut exactly in two halves, so that it was possible to perform ion chromatography
analysis (Section 2.2) and conductance measurements in the AEC (Section 2.3) on two equal portions
of the same sample. In this respect, the homogeneity of PM samples on filters was assessed in a
previous study [79]. Moreover, any mechanical artefact was avoided using a specific Teflon Cylinder
which keep the filter locked during a guillotine cut performed by a pre-cleaned stainless steel cutter
(Figure S1, Supplementary Materials). The method was validated along more ten years of research on
PM (e.g., Ferrero et al., [18] and reference therein) and also validated in Aerosol Exposure Chamber
measurements when comparing the hygroscopic responses and conductance of the two halves [8,80].

2.2. Aerosol Chemical Characterization

PM chemical composition was determined at TS-MI and OB sites. A coupled ion chromatography
system (Dionex ICS-90 and ICS-2000) was used to analyze the ionic inorganic fraction [6,81]. For ion
chromatography analysis, samples were extracted in 3 mL of ultrapure water (Milli-Q Water; resistivity
of 18.2 MΩ·cm at 25 ◦C) with a 20 min ultrasonic bath. Prior to analysis, the obtained solutions were
filtered (0.45 µm PTFE membrane, 15 mm Syringe Filters, Phenomenex), in order to remove any
possible solid particle in suspension. The characterization of the ionic fraction was performed by
means of the ICS2000 and ICS90 coupled ion chromatography systems (Dionex) equipped with an
AS3000 Autosampler. Anions (F−, Cl−, NO3−, SO4

2−) were separated with Dionex AG14A-5µm and
AS14A-5µm Guard and Analytical columns in an isocratic run of Na2CO3/NaHCO3 (concentration 8.0
mM/1.0 mM, Dionex) at a flow rate of 0.5 mL min−1. The electrical signal of the eluent was lowered by
means of a chemical suppressor (Dionex AMMS III 2 mm MicroMembrane Suppressor, regenerant
solution: H2SO4, 0.05 M, Fluka 84720). Cations (Na+, NH4

+, K+, Ca2+, Mg2+) were separated with
CG12A-5 µm and CS12A-5 µm Guard and Analytical columns by means of an isocratic run of MSA
(methanesulfonic acid, CH3SO3H, 20 mM, Fluka 64280) at a flow rate of 0.5 mL/min. In this case too, the
signal of the eluent was decreased with a chemical suppressor (Dionex CMMS III 4 mm MicroMembrane
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Suppressor, regenerant solution: tetrabutylammonium hydroxide, TBA-OH, 0.1 M, Fluka). Elemental
and organic carbon (EC and OC) were determined using a Thermal Optical Transmission method
(TOT, Sunset Laboratory inc.; NIOSH 5040 procedure; [82,83]). The chemical methods as well as the
main results of the chemical analysis were yet validated and published [7].

2.3. Conductance Measurements

The determination of the conductance in function of RH, and thus the determination of both
DRHs and CRHs of the collected aerosol samples was performed in a specifically designed Aerosol
Exposure Chamber (AEC) [8,18,19]. The AEC is a sealed 1 m3 glass chamber in which the collected
aerosol samples are exposed to humidification and dehumidification cycles, from 30 to 90% RH and
vice versa, with RH steps of 1%. The RH is varied inside the chamber by introducing either dry
or moist pure air in it (Aria Zero, Sapio), while the temperature is kept constant at 25 ◦C (the fixed
temperature cooling of the Free-Cooling data center, see Ferrero et al. [18,20]). Temperature and
relative humidity were monitored by means of a thermo-hygrometric sensor (DMA672 coupled with
an ELO008 Data-Logger, LSI-Lastem, ±1% RH and ± 0.1 ◦C accuracy) during the whole cycle. As
reported in D’Angelo L. [80], equilibration tests were performed monitoring the electrical response and
RH with 30 min step each within the AEC in order to observe the time needed to reach the equilibrium
in conductance measurements. Figure S2a (Supplementary Materials) shows a typical equilibration
time experiment. During 30 min, the RH conditions resulted to be constant with a fluctuation of less
than 0.5% RH and this produced a constant electrical response (Figure S2a, Supplementary Materials).
However, whenever RH exhibit small variations (e.g., in Figure S2b,c at 56% and 58% RH) the electrical
conductance followed RH in perfect agreement (R2 = 0.915). Moreover, Figure S3 reports conductance
for each RH steps at 0 s, 180 s, 1200 s and 1800 s for the sample showed in Figure S2a. As the
conductance was constant and reached very fast (i.e., seconds) the equilibration, the conductance
measurements were carried out waiting two minutes after that the RH reached the target value to
avoid any random fluctuations. As a result, each experiment (humidification and dehumidification)
lasted ~4 h.

Within the AEC, up to 6 aerosol samples can be housed at a time in specifically-designed PTFE
filter holders, each provided with a pair of electrodes that allowed the measurement of the electrical
resistance of the deposited aerosol at each RH step. The electrodes were set at a fixed calibrated
distance of 5 mm (a balance between inter soldier parts on PCB board, size of PTFE filters) and the
electrical measurements were performed with a 3421A Data Acquisition Unit (Hewlett-Packard, 0–30
MΩ measured resistance range). With respect to the electrodes, any influence of their mechanical
pressure applied to samples is negligible as previously demonstrated [80]. This result was obtained by
measuring via AEC the conductance signal on the same PM2.5 sample (collected on PTFE filters) a
second time. In this respect an example of a sample exposed to two RH cycles is reported in Figure S4
(Supplementary Materials): the profiles highlighted a good repeatability (R2 = 0.99, slope = 1.032) of
the measurements.

During the humidification phase, the hygroscopic components of the aerosol samples promote
water uptake and a steep increase in the samples’ conductance can be observed in correspondence to
the deliquescence of water-soluble compounds, because of the formation of a conductive electrolytic
solution. On the contrary during dehumidification, when a strong decrease in conductance is measured,
the crystallization of water-soluble compounds occurs. Thus, DRH and CRH values of each sample
can be determined in correspondence to the maximum conductance gradient in the humidification
and dehumidification curves respectively, according to the method reported by Ferrero et al. [18] and
validated in D’Angelo et al. [8]. A typical plot of the measured conductance as a function of the RH
applied in the chamber is shown in Section 3.1. Their determination in a sample implies that the
whole ensemble of aerosol chemical composition deposited onto the filter concurred, in synergy, to
an electrical bridging at a certain RH. In this respect, the minimum aerosol mass surficial loading for
these kinds of measurements (127 ± 7.8 µg cm−2) has been first determined in Ferrero et al. [18] (to
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which we refers) and the factors affecting it are discussed in the present paper in Section 3.2 as they are
strictly connected to synergy between EC and ionic fractions in promoting bridging and other failures
on electronic devices.

2.4. Laboratory Generated EC and Saline Aerosols

In order to investigate the role of EC in promoting the aerosol conductance, different aerosol types
(soot only, saline only, externally mixed saline and soot) were generated in the laboratory.

First of all, soot particles were generated from an acetylene non-premixed diffusion flame.
Acetylene was produced from a controlled reaction between ultrapure water and calcium carbide.
The generated acetylene was gurgled in ultrapure water in order to prevent any particle or solid
contaminant to reach the flame. In addition, the gurgler avoids any possible backfire to the acetylene
generation unit. The flame was constantly kept at a height of 5 cm and the generated soot was sampled
by means of a glass cone placed above the flame itself for 20 s and injected into a 50 L PTFE chamber. As
the aim of the paper is to investigate the role that the EC has (in synergy with hygroscopic saline species)
on the aerosol conductance, the chemical-physical features of the generated soot were characterized.
First of all, the generated soot was analyzed with a Thermal Optical Transmission method (TOT, Sunset
Laboratory inc.; NIOSH 5040 procedure) to quantify the elemental and organic carbon (EC and OC)
content (Section 2.2); the measured EC percentage on the total carbon content (TC) was determined on
five soot samples: it was on average 95.2 ± 2.5%. This indicates a low content of organic matter and is
in agreement with what found in literature for acetylene flame soot [84,85] reaching the highest level
compared to industrial soot generators [86]. Too deepen the chemical investigation, the same samples
were analyzed with gas chromatography (Agilent 6850, mass spectrometer 5973) according to the
method described by Pietrogrande et al. [87] for the quantification of polycyclic aromatic hydrocarbons
(PAHs) and n-alkanes (C20-C32) as organic carbon matter, in order to verify the low content of organic
species found with TOT measurements. On average, 104 ± 62 pg of PAHs were quantified per µg of
soot mass while the content of n-alkanes was 305 ± 184 pg µg−1. If these amounts are compared with
the average concentrations of PAHs and n-alkanes measured in atmospheric aerosols at the MI-TS site
(PAHs from 100 to 600 pg µg−1, n-alkanes in the 800–3000 pg µg−1 range, annual ranges; [88]) the PAHs
and n-alkanes content in the laboratory generated soot samples is either much lower with what found
in atmospheric aerosols. In addition to its chemical characterization, the number size distribution
of the generated soot was determined by means of an SMPS 3936 (Scanning Mobility Particle Sizer
Spectrometer, TSI Inc.) and it was found to be bimodal, with the two maximums at 68 nm and 250 nm,
respectively (Figure S5, Supplementary Material).

Finally, the generated EC conductance was also measured within the AEC in dry conditions (30%
RH) for eight soot samples (3 to 20 µg cm−2 deposited on a PTFE filter). The measured conductance
was in the 20–180 µS range at 30% RH, which is comparable to what measured for the soot from a gas
turbine engine by Popovicheva et al. [63].

In order to investigate the synergy between EC and inorganic ions, pure saline aerosols were
generated by means of the Aerosol Generator ATM 220 (Topas GmbH) from aqueous solutions.
Four salts were investigated, namely: ammonium sulfate (AS: (NH4)2SO4), ammonium nitrate (AN:
NH4NO3), ammonium chloride (AC: NH4Cl), sodium chloride (SC: NaCl) and sodium sulfate (SS:
Na2SO4). Among them, special attention was given to (NH4)2SO4 and NH4NO3, since they are among
the most abundant inorganic species found in the Po Valley atmospheric aerosols; in this respect,
as their relative abundances reflect their Winter and Summer concentrations in the Po Valley [7,88],
winter-like aerosol (WI-mix) and summer-like saline (SU-mix) aerosol were also generated. They
were composed of 24% (NH4)2SO4 + 76% NH4NO3 (WI-mix) and of 86% (NH4)2SO4 + 14% NH4NO3

(SU-mix). The starting solutions were prepared at a concentration of 2.5 × 104 ppm, in order to achieve
satisfactory particles concentrations according to the manufacturer specifications for the Aerosol
Generator. The concentration was always the same for all solutions, and when a mix is used, the
reported concentration was the total of all components. The number size distribution of the generated
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aerosol was characterized with the TSI SMPS, too (monomodal, 50–80 nm range peak, Figure S5,
Supplementary Material).

First of all, pure saline samples were generated and they were exposed to humidification and
dehumidification cycles in the AEC (Section 2.3). At a later stage, EC and saline aerosols were generated
simultaneously into two different Sampling Chambers (50 L volume each, TEFLON® FEP type 200 A,
thickness 50 µm), as shown in the schematic in Figure 2. All the generated aerosols were collected on
PTFE filters (Ø = 47 mm, 2 µm porosity) by means of a pump (Leland Legacy, SKC, 15 L/min flow). In
order to obtain well externally-mixed generated aerosol samples, the two flows from the two Sampling
Chambers were conveyed through a three-ways glass connector, which couples the two sampling
flows before they get to the filtering PTFE membrane. In order to avoid contamination between two
consecutive aerosol generation experiments, the two Sampling Chambers were cleaned with a pure air
flow for five times their volume.
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SMPS data were collected at the inlet of the PTFE filter holder to be representative of the real size
distribution deposited onto the PTFE filters (average residence time of particles into the chambers:
6.7 min). Finally, the cake deposits were characterized as reported in literature [89–91] from SMPS
data determining first the a-dimensionless Peclet number (Pe) and the following cake porosity (ε) as
detailed in Thomas et al. [91]:

Pe =
U f dagg

D
(1)

ε =
1 + 0.44Pe

1.019 + 0.46Pe
(2)

where Uf is the filtration face velocity, dagg, the aggregated or agglomerated particle size (SMPS data,
Figure S5, Supplementary Materials) and D, the particle diffusion coefficient. In the present case, even
the PTFE filters were of 47 mm diameter, the PMP ring reduced the active size spot to a 39 mm diameter
(11.94 cm2; Figure S6, Supplementary Materials); thus, considering a sampling flow rate of 15 l min−1

this translate into a Uf of 0.21 m s−1. D was calculated from dagg according to the Stokes–Einstein
equation [92]. The ε determined using the Thomas et al. [91] method enables to account for the
non-linearity over a wide range of Pe.

From the cake porosity and the cake mass per surface area (ms) the deposit thickness ∆Z can be
computed as follows [90,91]:

∆Z =
ms

(1 − ε)ρp
(3)

where ρp is the material density.
The aforementioned calculations were used to discuss the obtained results in Section 3.3. Similarly

to the atmospheric aerosol samples, also these soot and saline aerosols were exposed to humidification
and dehumidification cycles. The results of these measurements are presented and discussed
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in Section 3.3 while Table S2 (Supplementary Materials) reports the aerosol mass deposited and
composition for all synthetic samples.

3. Results and Discussion

Conductance and chemical analysis on samples collected at the urban site of MI-TS and at the
rural site OB are first presented in Sections 3.1 and 3.2, respectively; the aim is to highlight the different
electrical behavior in function of the ionic and EC content presents on ambient aerosol samples in
different sites. Section 3.3 presents the results obtained from laboratory generated aerosol samples in
order to confirm the results obtained from MI-TS and OB samples. All the data along the manuscript
text, within tables and figures are reported as mean ± confidence interval at 99% (α = 0.01).

3.1. Measured Conductance

Starting with ambient measurements, 62 samples were characterized and exposed to RH cycles
in the AEC for the determination of their DRHs and CRHs together with their conductance. 50 of
them were collected at the urban site of MI-TS and 12 at the rural site OB (sampling activity in OB was
conducted on a shorter period compared to MI-TS). The mass distributions on filter for MI-TS samples
varied from 74.8 µg cm−2 to 496.8 µg cm−2, while the samples from the OB site presented surficial mass
distributions from 100.0 µg cm−2 to 184.4 µg cm−2. These are typical values for the Po Valley, which is
characterized by seasonally modulated pollution [72]. As previously reported in Ferrero et al. [18] a
first estimation of the minimum aerosol loading to observe an electric conduction gave the value of 127
± 7.8 µg cm−2. In this respect, considering the whole ensemble of the investigated PM2.5 samples,
a subset of 42 samples gave a detectable electrical signal in function of RH, representing 68% of the
collected samples.

Thus, in order to deepen the critical factors of the aerosol chemical composition affecting the
aerosol conductivity (in an energy application perspective; next section), here below conductance
measurements carried out on PM2.5 samples in the AEC are first investigated focusing on the electric
signal behavior in function of RH changes.

Figure 3 shows a typical electrical conductance measurement on a PM2.5 sample as a function of RH
applied in the AEC during both humidification and dehumidification. DRH and CRH values together
with the deliquescence and crystallization regions can be individuated according to the conductance
derivative [18] (Section 2.3). As a case study, a winter sample was chosen (PM2.5, 264.8 µg cm−2 on
filter, collected March 2009, MI-TS site, 24 h sampling). The humidification and dehumidification
curves show a well-rendered hysteresis cycle, in agreement with literature studies [11,13,14]. In facts,
on the basis of the maximum gradient method (Section 2.3) the DRH was individuated at 56.6% RH
and the CRH at 47.3% RH. The deliquescence region was between 53.3% and 61.3% RH and the
corresponding increase in conductance (∆Gdeliquescence) in this range was 18.04 µS. The crystallization
region is located between 48.1% and 45.9% RH and it is characterized by an 8.84 µS conductance drop
(∆Gcrystallization). The maximum conductance value reached by this case study sample was 21.63 µS at
70.7% RH.

As aforementioned, considering the whole ensemble of the investigated PM2.5 samples, a detectable
electrical signal in function of RH was observed on 68% of the collected samples. The highest and
lowest measured values of ∆Gdeliquescence, ∆Gcrystallization and maximum conductance (for the subset
of samples which gave an electrical signal in function of RH) are reported in Table 1. ∆Gdeliquescence is
always higher than ∆Gcrystallization (average values of 11.20 ± 7.43 and 2.55 ± 1.35 µS, respectively),
simply because the crystallization occurs at supersaturated conditions: during the dehumidification,
between the DRH and the CRH the measured conductance gradually decreases as water evaporates
until the actual crystallization occurs, and therefore ∆Gdeliquescence > ∆Gcrystallization.



Appl. Sci. 2020, 10, 5559 10 of 24

Appl. Sci. 2020, 10, x 9 of 24 

3. Results and Discussion 

Conductance and chemical analysis on samples collected at the urban site of MI-TS and at the 
rural site OB are first presented in Sections 3.1 and 3.2, respectively; the aim is to highlight the 
different electrical behavior in function of the ionic and EC content presents on ambient aerosol 
samples in different sites. Section 3.3 presents the results obtained from laboratory generated aerosol 
samples in order to confirm the results obtained from MI-TS and OB samples. All the data along the 
manuscript text, within tables and figures are reported as mean ± confidence interval at 99% (α = 
0.01). 

3.1. Measured Conductance 

Starting with ambient measurements, 62 samples were characterized and exposed to RH cycles 
in the AEC for the determination of their DRHs and CRHs together with their conductance. 50 of 
them were collected at the urban site of MI-TS and 12 at the rural site OB (sampling activity in OB 
was conducted on a shorter period compared to MI-TS). The mass distributions on filter for MI-TS 
samples varied from 74.8 μg cm−2 to 496.8 μg cm−2, while the samples from the OB site presented 
surficial mass distributions from 100.0 μg cm−2 to 184.4 μg cm−2. These are typical values for the Po 
Valley, which is characterized by seasonally modulated pollution [72]. As previously reported in 
Ferrero et al. [18] a first estimation of the minimum aerosol loading to observe an electric conduction 
gave the value of 127 ± 7.8 μg cm−2. In this respect, considering the whole ensemble of the investigated 
PM2.5 samples, a subset of 42 samples gave a detectable electrical signal in function of RH, 
representing 68% of the collected samples. 

Thus, in order to deepen the critical factors of the aerosol chemical composition affecting the 
aerosol conductivity (in an energy application perspective; next section), here below conductance 
measurements carried out on PM2.5 samples in the AEC are first investigated focusing on the electric 
signal behavior in function of RH changes. 

Figure 3 shows a typical electrical conductance measurement on a PM2.5 sample as a function of 
RH applied in the AEC during both humidification and dehumidification. DRH and CRH values 
together with the deliquescence and crystallization regions can be individuated according to the 
conductance derivative [18] (Section 2.3). As a case study, a winter sample was chosen (PM2.5, 264.8 
μg cm−2 on filter, collected March 2009, MI-TS site, 24 h sampling). The humidification and 
dehumidification curves show a well-rendered hysteresis cycle, in agreement with literature studies 
[11,13,14]. In facts, on the basis of the maximum gradient method (Section 2.3) the DRH was 
individuated at 56.6% RH and the CRH at 47.3% RH. The deliquescence region was between 53.3% 
and 61.3% RH and the corresponding increase in conductance (ΔGdeliquescence) in this range was 18.04 
μS. The crystallization region is located between 48.1% and 45.9% RH and it is characterized by an 
8.84 μS conductance drop (ΔGcrystallization). The maximum conductance value reached by this case study 
sample was 21.63 μS at 70.7% RH. 

 
Figure 3. Electrical conductance (G) measurements during a humidity cycle (RH) in the Aerosol 
Exposure Chamber (AEC) of MI-TS winter sample collected in March 2009 (24 h sampling). Circles 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0

6.5

0.0

5.0

10.0

15.0

20.0

25.0

35.0 40.0 45.0 50.0 55.0 60.0 65.0 70.0 75.0

dG
/d

RH
 (∝

S 
%

-1
)

G
, E

le
ct

ric
al

 C
on

du
ct

an
ce

 (µ
S)

 

RH (%)

Humidification Dehumidification
Humidification Gradient Dehumidification Gradient

Figure 3. Electrical conductance (G) measurements during a humidity cycle (RH) in the Aerosol
Exposure Chamber (AEC) of MI-TS winter sample collected in March 2009 (24 h sampling).
Circles indicate the measured electrical conductance (blue: during humidification, red: during
dehumidification). Dotted lines indicate the conductivity curves gradient, dG/dRH. Deliquescence
relative humidity (DRH) and crystallization relative humidity (CRH) values are individuated in
correspondence to the maximum gradient point for humidification (blu) and dehumidification (red)
curves, respectively. Data for the present figure are extracted from Ferrero et al. [18].

Table 1. Highest, lowest and average measured values for ∆Gdeliquescence, ∆Gcrystallization and maximum
measured conductance (µS) for the subset of samples (42) with measured DRH and CRH.

∆Gdeliquescence
(µS)

∆Gcrystallization
(µS)

Gmax
(µS)

Minimum 0.35 0.04 0.57
Maximum 54.04 10.01 127.77
Average 8.56 2.55 35.54
CI99% 5.76 1.35 13.58

These results are very important as the failure threshold usually set for PCBs is 106 Ohms
(1 µS) [35,93], one order of magnitude lower than the average increase in conductance associated with
the deliquescence of the water-soluble components: 8.56 ± 5.76 µS. The failure threshold indicates
the minimum resistance (maximum conductance) beyond which electrical bridging between two
neighboring plates can cause failure; thus, if the DRH promoted by atmospheric aerosols deposited on
PCBs is reached it can represent an actual danger for them. These values also represent a hazard for
insulators of high power lines. In addition, ∆Gdeliquescence < 1 µS was measured for just the 16% of the
samples and for just one sample over the entire dataset the measured Gmax was below this threshold
level. This means that for the large majority of the samples the 1 µS threshold is exceeded either during
the deliquescence process or because of the subsequent water absorption by the deposited aerosol
particles indicating that these processes can be potentially dangerous for PCBs or electrical insulators
contaminated with deposited hygroscopic aerosol.

With respect to insulators, it is necessary to recall that dry aerosol deposition rates in the Po
Valley were previously measured. In this respect, at MI-TS, Ferrero et al. [66] determined (using a
new developed deposition box; details in the reference above) an aerosol deposition rate on different
surfaces ranging from 30 to 70 µg cm−2 month−1; this implies that the mass distribution of the analyzed
filters (collected using an active sampler) would correspond to a surface contamination obtained in
~1–4 months, for deposition only, e.g., on high power supply insulators in the Po Valley. In this respect,
the passive PM deposition can affect the surface characteristics with positive feedback on the deposition
rate itself. As reported in Ferrero et al. [66], if passive deposition rate data for different surfaces are
considered in function of the exposure time a high linear correlation can be found showing that the
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passive deposition rate increase with the exposure time due to a surface roughness increase. However,
deposition on insulators follows a different mechanism with respect to filter sampling. The wind speed
and direction, insulator shape and material and insulator coating will affect the deposit and its amount.
Thus, the filter results cannot be directly transferred to insulators avoiding the aforementioned terms.
Thus, future activity will be focused on sampling both on real insulators both on insulators embedded
in the Deposition box described in Ferrero et al. [66]. For what concerns the present work, whatever
the deposit structure, the results presented in the following Sections 3.2 and 3.3 demonstrate the need
to account for EC hydrophobic presence and not only for inorganic ions.

Coming back to the electrical signal on filters, besides the electrical conductance increase caused
by deliquescence, it is also worth noting that during the humidification phase the electrical conductance
of the samples is always activated before the deliquescence range. For the case study sample in
Figure 3, the first electrical signal is detected at 48.3% RH and the initial measured conductance is
0.04 µS. This early activation of the electrical signal before the deliquescence was likely caused by an
early water uptake of water by hygroscopic aerosol components [94]. This is in line with the findings
by D’Angelo et al. [8], who characterized the water uptake of MI-TS PM2.5 samples as a function
of the surrounding RH by means of a gravimetric method. They detected early water uptake of
water before the deliquescence region that led to hygroscopic growth factor values higher that 1, even
before deliquescence has occurred. After the activation point in Figure 3, the conductance gradually
slightly increases up to 0.83 µS at 53.3% of RH, which is the starting point of the deliquescence region
previously individuated. Most important, for the 55% of the samples the measured conductance was
already higher than 1 µS at the initial point of the deliquescence region. These results indicate that
the hygroscopic components are not the only potentially dangerous components in aerosol, but other
conductive species could be involved in the formation of electrical bridging phenomena too, also at RH
values below the DRH of the water-soluble components. Understanding what causes the activation in
these conductance measurements is therefore crucial to better comprehend all the factors involved
in the determination of the electrical conductance properties of aerosols. In this respect, a carboxylic
acid quantification for MI-TS PM2.5 samples during the same period was previously performed [88]
showing concentrations of 389 ± 133 ng m−3 (1.1 ± 0.4% of PM2.5). As reported by both Ling and
Chan [95] and Miñambres et al. [96], the role of carboxylic acids (malonic acid, glutaric acid and succinic
acid) can affect the water uptake close to the deliquescence leading to a gradual dissolution of the solid
particles. Thus, water soluble organic material can play an important role in the early water uptake.

In addition to the aforementioned considerations, a second important aspect is that no electrical
signal was detected for 20 out of the 62 considered samples. The existence of a minimum aerosol loading
for the conductance to be detected with this experimental setup was yet discussed above and highlights
the need to investigate what gives rise to it in order to understand what determines the electrical
conductance properties of aerosol samples. Therefore, in the next section, the ‘quantity’ (surficial
loading) and the ‘quality’ (chemical composition) of the considered aerosol samples are investigated.

3.2. PM2.5 Samples Chemical Composition and Conductance Measurements

Conductance measurements carried out on 62 samples collected at MI-TS and OB showed that an
electrical signal was detected on 42 samples (68%). Thus, the aim of this section is to investigate and
compare the PM2.5 samples chemical composition with relationship to the measured conductance signal.

Table 2 reports a comparison between the 36 samples in which a conductance signal was detected
and the 20 ones in which it was not-detected; Table 2 refers to the whole dataset (both MI-TS and OB
sampling sites).

First of all, the average PM2.5 mass concentrations on filter were on average higher for detected
samples (226.5 ± 36.0 µg cm−2) than for not-detected ones (128.4 ± 16.7 µg cm−2) which are close to the
127 ± 7.8 µg cm−2 threshold limit; the t-student test confirms that for the two sets of samples these
means are statistically different. In order to understand if it is just the overall amount of deposited



Appl. Sci. 2020, 10, 5559 12 of 24

aerosol that determines its electrical conductance or also its chemical composition, the same comparison
was carried out first for the ionic fraction.

Table 2. The mean mass surficial concentrations for the overall PM2.5 content, the inorganic ionic fraction
(calculated as the sum of F-, Cl-, NO3

-, SO4
2-, Na+, NH4

+, K+, Ca2+, Mg2+), the other components
(calculated as a difference between the previous two quantities) are presented. Weight percentages
(wt%) for the inorganic ionic and the other components are reported, as well. Average values are
reported alongside the corresponding 99% confidence intervals. The whole dataset is split into detected
and not-detected samples, in relation to the conductivity measurements in the AEC. n indicates the
number of samples in each subset.

Mass Concentration (µg cm−2) wt%

n PM Ionic
Fraction

Other
Components

Ionic
Fraction Other

Samples with
conductivity 42

Mean 226.5 88.2 138.3 37.1% 62.9%
CI99% 36.0 25.0 20.1 5.6% 5.6%

Samples without
conductivity 20

Mean 128.4 57.6 70.9 43.7% 56.3%
CI99% 16.7 14.9 10.4 5.6% 5.6%

The inorganic ionic fraction average masses need to be considered first, because when charged
species pass in solution they form a conductive medium (Introduction section). The data reported in
Table 2 show that they did not statistically differ for detected and not-detected samples and they turn
out to be 88.2 ± 25.0 µg cm−2 and 57.6 ± 14.9 µg cm−2, respectively. In addition, a quite surprising
result can be obtained comparing mass/mass percentages (wt%) for the ionic inorganic fractions, since
the order of their values reverse and appears greater for not-detected samples (43.7 ± 5.6%) than for
samples with detected conductance (37.1 ± 5.6%) even not statistically different. If the samples with the
highest ionic surficial content are those that are not conductive, it can be supposed that the presence of
saline hygroscopic compounds is not the only necessary condition to create a continuous conductive
path between particles deposited on a hydrophobic substrate (such as PTFE) and therefore to provoke
electrical bridging phenomena. In this respect it is worth noticing that the components other than
inorganic ions (“other components”) were statistically different between the two subsets reported
in Table 2: 138.3 ± 20.1 µg cm−2 for samples that showed an electrical signal and just 70.9 ± 10.4 µg
cm−2 for those that did not. The same happened considering the wt% of these components other than
inorganic ions: 62.9 ± 5.6 and 56.3 ± 5.6%, respectively.

For this reason, the hypothesis that conductive EC plays a role in this process was investigated.
Therefore, the elemental carbon (EC) and organic carbon (OC) content in the 62 samples in the

dataset, previously determined via TOT analysis [88], was considered. The data are reported in Table 3
as surficial masses for EC and OC together with inorganic ions and their wt%, respectively. The most
relevant result is related to EC: as envisaged, the mean surficial distribution for detected samples
was statistically higher (26.4 ± 4.1 µg cm−2) and more than double than for not detected ones (12.0
± 4.1 µg cm−2). The mean OC masses are another relevant factor, since many organic compounds
have a well-known hygroscopic behavior that can promote an early water uptake even prior DRH (see
previous section) and can therefore have a role in the formation of potentially dangerous conductive
solutions on PCB surfaces. In a similar way to what has been pointed out for EC, detected samples
result richer in OC than those that did not show any electrical conductance response, and their mean
OC contents (52.4 ± 8.6 µg cm−2 and 25.8±3.8 µg cm−2, respectively) were statistically different.
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Table 3. The mean mass surficial concentrations for the overall the inorganic ionic fraction (calculated
as the sum of F−, Cl−, NO3

−, SO4
2−, Na+, NH4

+, K+, Ca2+, Mg2+), elemental carbon (EC) and organic
carbon (OC) are presented. Weight percentages (wt%) for the inorganic ionic, EC and OC are reported,
as well. Average values are reported alongside the corresponding 99% confidence intervals. The whole
dataset is split into detected and not-detected samples, in relation to the conductivity measurements in
the AEC. n indicates the number of samples in each subset.

Mass Concentration
(µg cm−2)

wt%

n Ionic
Fraction EC OC Ionic

Fraction EC OC

Samples with
conductivity 42

Mean 88.2 26.4 52.4 37.1% 8.4% 17.0%
CI99% 25.0 4.1 8.6 5.6% 1.7% 3.4%

Samples without
conductivity 20

Mean 57.6 12.0 25.8 43.7% 5.2% 11.3%
CI99% 14.9 4.1 3.8 5.6% 1.9% 2.2%

This broad discrepancy observed for the estimated carbonaceous fractions coupled with the
observation that the average ionic percentage content was higher in non-detected samples represents a
first important indication that a synergy between these different chemical components is necessary to
determine the electrical conductance of aerosols. As reported in Table S1 (Supplementary Materials),
winter samples were always detected due to high concentrations of PM2.5, EC and ions related to the
atmospheric stable conditions characteristics of this period [72].

Furthermore, if the entire dataset is split between samples collected at the urban site (MI-TS) and
at the rural site (OB), other proof of a synergy between the ionic fraction and elemental carbon can be
found (Figure 4).
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Figure 4. Average surficial mass concentrations (µg cm−2) for MI-TS (grey) and OB (green) sample
data for the quantified inorganic ionic fraction, EC and OC. Data are reported separately for samples
that showed a conductivity and for those where it was not-detected.

The statistically higher PM2.5 surficial mass for detected samples (that was found for the entire
dataset) is also observed once samples from the two different sampling sites are separated. The MI-TS
samples present a mean PM2.5 loading of 230.5 ± 38.4 µg cm−2 for detected ones and 126.7 ± 27.2
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µg cm−2 for not-detected ones; for OB samples, the mean PM2.5 loading is 174.2 ± 87.8 µg cm−2 for
detected ones and 130.4 ± 27.6 µg cm−2 for not-detected ones.

It is worth highlighting that only 25% of OB samples showed an electrical conductance response
(3 out of 12), while this percentage was 78% for MI-TS samples (39 out of 50). To better understand this
different behavior of the samples from the two different sites, the chemical composition of the two
subsets has to be considered (Figure 4).

First of all, the average ionic contents of the samples from both the rural and the urban site are
comparable and do not statistically differ for detected and not-detected samples. Particularly they are
88.5 ± 27.0 and 53.1 ± 11.3 µg cm−2 (MI-TS detected and not-detected samples) and 83.4 ± 37.2 and
62.9 ± 12.9 µg cm−2 (OB detected and not-detected samples). Therefore, if the sole ions determined
the electrical conductance properties of these two different types of aerosols, the discrepancies in the
percentages of detected and not-detected samples observed for the two different sampling sites could
not be explained. When the EC concentrations are compared, they are statistically different at the
MI-TS site for samples with electrical conductivity (27.9 ± 3.7 µg cm−2) compared to samples that
did not show it (17.0 ± 1.8 µg cm−2). The poor estimated EC contents for rural samples are therefore
responsible for the fact that a majority of OB samples didn’t show any electrical response and they are
respectively 7.3 ± 6.2 µg cm−2 for detected samples and 5.9 ± 0.8 µg cm−2 for not-detected ones.

Accordingly, the two different subsets collected in the two different sampling sites and with
distinct chemical composition present a different electrical response. This result highlights once again
the aforementioned synergy between the inorganic ionic components and the conductive elemental
carbon fraction in the determination of aerosol conductance properties.

3.3. Generated Aerosols Conductance Measurements

In order to prove the role of the synergy between ionic fraction and EC in the determination of
the electrical conductance of deposited aerosols, conductance measurements on laboratory generated
aerosol samples were performed.

First of all, 7 pure saline aerosol samples were generated, collected on PTFE filters and exposed to
humidification and dehumidification cycles in the AEC; they were: AS, AN, AC, SC, SS, WI-mix and
SU-mix. Their mass loadings ranged from 116.6 to 857.7 µg cm−2 (concentrations refer to the range of
the whole ensemble of component and mix) and were at least comparable or even significantly higher
than the surficial mass distributions of the atmospheric samples presented in previous sections. In
addition, SMPS data (Figure S5, Supplementary Materials) allowed the computation of deposit porosity
(ε = 0.9618 ± 0.0024, Equations (1) and (2)) which was in keeping with data reported in Thomas et
al. [91] and Kim et al. [90]. From ε, the deposit thickness was determined (from 16.0 to 125.6 µm,
Equation (3)). Despite that their mass loading and layer thickness were considerable, none of the them
showed any electrical signal when humidity raised inside the chamber.

It was observed the formation of little droplets of saline solution over the surface of the PTFE filter
that were visible to the naked eye at high RH values (Figure 5a,c). This kind of behavior was attributed
to the hydrophobic nature of the substrate and it results in the formation a discontinuous medium and
in the lack of any conductance signal between the electrodes. This first result is in keeping with those
obtained on ambient samples (previous sections); moreover, as the filtering surface was chosen as a
surrogate of hydrophobic surfaces used in electronic/energy applications, these results highlight the
need for a deeper investigation of aerosol deposits in critical electronic/energy applications.

Therefore, electrical conductance measurements were also conducted on pure laboratory generated
EC as well and repeated eight times. Their porosity was 0.9569 ± 0.0001, in agreement with diesel soot
porosity (0.953–0.961) found by Liu et al. [97]. The deposited EC thickness ranged from 0.3 to 2.6 µm.
As mentioned in the method section, the measured electrical conductance at 30% RH for the eight EC
samples was in the 20–180 µS range despite they had a surficial mass distribution of 3 to 20 µg cm−2, at
least of one order of magnitude lower than the mass loading for pure saline aerosol samples. As the
main aim of the present work is to investigate the role that EC, in synergy with hygroscopic saline
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species, has in the formation of electrical bridging phenomena promoted by deposited aerosol particles
on hydrophobic surfaces, the EC conductance was measured at 30% RH only as its conductance in
function of RH was beyond the scope of the present work.Appl. Sci. 2020, 10, x 15 of 24 
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Figure 5. (a) Pure saline deposit after deliquescence onto a PTFE (Teflon)filter and (b) stereomicroscope
image (Leica Wild M420, 64x enlargement) for a mixed saline and ES sample. (c) and (d) are the same
as (a) and (b) with a higher magnification.

At a later stage, mixed saline and EC samples were prepared; the average concentration of particles
into the generation chambers were and 8.9 ± 1.7 x 104 and 4.5 x 103

± 7.6 x 102 cm−3, respectively. The
ionic content was then quantified by ion chromatography and it resulted on average of 86.6 ± 5.0% on
the overall deposited mass (402.3 ± 140.9 µg cm−2). This data is close to that of ambient PM2.5 samples
in which the ionic fraction accounted for 73.3 ± 12.0% with respect to the ions+EC mass loading; most
important, the highest ions/EC ratio (i.e., less EC) in the laboratory generated aerosol represent a worst
scenario to test the crucial role in bridging effects. The possible presence of other contaminant ionic
species from the previous generation experiment was also assessed via ion chromatography. This kind
of impurities was quantified to be on average the 1.5 ± 1.6% of the overall sampled mass. Finally, the
distribution of saline particles in soot deposits was investigated using a stereomicroscope (Leica Wild
M420, 64× enlargement; Figure 5b,d). The distribution appeared quite homogeneous (the EC particles
embedded the white salt crystals) and close to ambient PM2.5 samples (Figure S7, Supplementary
Materials). All the aforementioned data highlight the reliability of the laboratory generated samples as
a proxy of the ambient ones.

The mixed saline and EC samples were exposed to the same humidity cycles in the AEC as the
atmospheric aerosol samples. Contrary to the pure saline samples, an electrical conductance signal
was measured for all the mixed saline and soot samples. Most important, the electrical signal sharply
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increased at an RH corresponding with the theoretical DRH of each component [11,14] (R2 = 0.996,
slope = 1.101; not shown) as reported in Figure 6.
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Figure 6. Theoretical and measured DRH for ammonium sulfate (AS), ammonium nitrate (AN),
ammonium chloride (AC), sodium chloride (SC), sodium sulfate (SS) mixed with laboratory
generated EC.

Therefore, the presence of EC is essential for the creation of a conductive medium in these
laboratories generated samples. The reason for this is schematized in Figure 7, which represents the
portion of aerosol deposited on PTFE filters between a pair of electrodes in the AEC filter housings.
When a pure saline aerosol is deposited on a hydrophobic surface like PTFE and the deliquescence of
its components occurs, tiny isolated droplets of an electrolytic solution are formed, thus preventing the
creation of a continuous conductive path on the surface of the sample (Figure 7a), even with a very high
surficial mass distribution on filter. When soot is added to the saline components, it helps the formation
of an electrical bridge thanks to its conductive nature (Figure 7b); in this case, an electrical signal is
measured between the two electrodes because a conductive continuum is formed between them.

It noteworthy that the scheme reported in Figure 7 should be theoretically applied in 3-dimensions
on a multi-layered deposit but with great care due to the complex shape and composition of particles.
However, the mixed saline and EC samples were characterized by an average porosity of 0.9611 ±
0.0020 and deposit thickness of 55.8 ± 22.0 µm. As the porosity represents the ratio between the volume
of void in the deposit and the total volume of the cake (the volume occupied by the material plus that
of the void inside the deposited cake), the aforementioned porosity data could explain the crucial role
of EC in acting as a bridge for electrical conductance. Thus, new studies are needed to deepen this
topic in 3D especially in function of cake porosity.

Some pictures of the experiment also confirmed the synergic behavior between EC and ionic
component. The first ones were taken on a pure saline samples in the AEC (Figure 5a,c) showing isolated
droplets, while the second ones (Figure 5b,d) show mixed saline and soot samples). In Figure 5b,d a
mixed ammonium sulphate and soot sample is shown with a visual surficial distribution of the sample
essentially uniform: the EC particles embedded the white salt crystals allowing conductance to occur
at the DRH. Note again the similarity with stereomicroscope (Leica Wild M420, 64× enlargement)
image (Figure S7, Supplementary Materials) for a MI-TS typical PM2.5 sample.
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Figure 7. (a) Scheme showing the phenomenology behind the results of the conductance measurements
obtained for pure saline samples (b) and for mixed saline and soot samples. The side bars represent a
pair of electrodes of a filter housing in the AEC and the area between them is an exemplification of the
laboratory generated aerosol samples deposited on a PTFE filter, before and after the deliquescence of
the saline components. Gold lines represents the occurring bridging in panel B.

When winter and summer Po Valley composition (Section 2.4; WI-mix and SU-mix) are mixed
with EC, a conductance signal, in keeping with the expected DRH, is measured. Results are reported
in Figure 8. WI-mix sample showed a sharp conductance increase of 1.98 µS RH−1 (in keeping with
previous results in D’Angelo et al. [8]) at 60% RH (the DRH of AN) due to the 76% AN in the WI-mix
solution; this sharp transition was followed by a second increase in conductance (0.37 µS RH−1) till
79% RH (DRH of AS) due to the presence of 24% AS within the WI-mix solution. It noteworthy
that the second conductance increase of WI-mix was smoother than the first one and was finally
followed by a conductance decrease till 90% RH. As demonstrated in previous studies [8,98,99] the
hygroscopic growth after the first DRH (i.e., that of AN) causes the dilution of the solution formed
on the filter smoothing the second step of conductance increase (that of AS); moreover, at higher RH
the continuous water condensation diluted the ion concentrations that at the end led to an electrical
conductance decrease. The aforementioned behavior was also observed analyzing the SU-mix sample:
a first electrical signal (1.41 µS RH−1) occurred at 60% RH in keeping with the low AN content (14%)
and a second strongest conductance increase (3.08 µS RH−1) reached its maximum at 79% RH in
agreement with the 86% AS within the SU-mix. Finally, as happened for the WI-mix, the continuous
water condensation led to a dilution of ions resulting in an electrical conductance decrease till 90% RH.

Due to EC emissions, e.g., from traffic [62], and its conductive properties [100] the EC presence
becomes particularly crucial in any atmosphere, not only related to the Po Valley one described in
the previous sections. Thus, as the aim of the present work is to investigate the synergy between EC
and inorganic ions in promoting conductance a correlation with chemistry was checked. Particularly,
the conductance value at the DRH overcoming was related with the product (i.e., synergic effect)
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between the number of equivalent of inorganic ions and the mass of EC on filters (both ambient and
laboratory generated: Figure S8a,b, Supplementary Materials). Note that the mass of EC cannot be
transformed into moles as EC is not a well-defined molecule characterized by its own molecular weight.
Results highlighted a high level of correlation (R2 > 0.9); despite this, for a prognostic model, the
amount of water molecules [18] and the cake structure [89–91] should be quantitatively accounted for
in future works.
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Figure 8. Electrical conductance (G) measurements during a humidity cycle (RH) in the AEC for
WI-mix and SU-mix aerosol mixed with EC.

4. Conclusions

Conductance measurements, carried out during humidity cycles in an Aerosol Exposure Chamber
(AEC), were performed on ambient aerosol samples collected on PTFE filters as surrogate for
hydrophobic surfaces used in electronic/energy application. The samples mass surficial densities, their
chemical composition and the conductance in function of relative humidity were investigated. It was
pointed out that the measured percentage ionic content was statistically higher for the non-electrical
conductive samples, despite the overall aerosol mass was higher for electrically conductive samples.
Therefore, the presence of components, other than the ionic ones, were necessary to determine aerosol
conductance was investigated. EC and OC content were also measured allowing to demonstrate the
presence of a synergy between the ionic and the carbonaceous fractions of atmospheric aerosol to
promote electrical bridging phenomenon of particles deposited on hydrophobic substrates. A further
proof of this kind of interaction was obtained using laboratory generated aerosol samples (saline
only, EC only and mixed EC saline) that were exposed to humidity cycles while measuring their
electrical properties. For none of the pure saline aerosol samples any conductance signal was detected,
while it was possible for all the mixed saline and EC samples, confirming that a synergy between
different species in the aerosol samples is essential for the formation of a conductive medium on a
hydrophobic surfaces. When EC was added to the saline components, it helped the formation of
an electrical bridge thanks to its conductive nature, As in literature the hygroscopic components in
aerosols are believed to be the major responsible for electrical/energy failures, the results presented in
this work demonstrated that other aerosol conductive species, such as EC, and their interaction with
the hygroscopic components have a role in the formation of electrical bridging phenomena that can be
potentially dangerous for energy applications. Thus, any cleaning protocol (e.g., for high power level
insulators) able to remove not only the hydrophilic compounds but only the hydrophobic one should
be adopted in energy applications.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/10/16/5559/s1,
Figure S1: Guillotine cutter for filters, Figure S2: Conductance and RH equilibration (steps of 30 min) within the
AEC on a PM2.5 sample, Figure S3: Conductance for each RH steps at 0 s, 180 s, 1200 s and 1800 s for the sample
showed in Figure S1, Figure S4: Conductance cycles repeated two times on the same PM2.5 sample, Figure S5:
Normalized number size distribution of genetared salts, WI-mix, SU-mix and soot particles, Figure S6: Active
sampling spot size of a PTFE filter, Figure S7: Stereomicroscope image (Leica Wild M420, 64x enlargement) for a
PM2.5 MI-TS ambient sample, Figure S8: Correlation between tha conductance value at the DRH overcoming
with the product (i.e. synergic effect) between the number of equivalent of inorganic ions and the mass of EC on
filters both ambient (panel a) and laboratory generated (panel b). Note that the mass of EC cannot be transformed
into moles as EC is not a well-defined molecule characterized by its own molecular weight, Table S1: Raw data of
PM2.5 ambient samples with sampling location (from Milano Torre Sarca, MI-TS, and Oasi Bine, OB), season, date,
mass loading, surface spot size, electrical detection (DET*), electrode distance (ED*), conductance (maximum
detected value, G*) and chemical data, Table S2: Raw data of laboratory generated PM samples with generation
chemistry, mass loading, surface spot size, electrical detection (DET*), electrode distance (ED*), conductance
(maximum detected value, G*).
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