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des Systèmes Atmosphériques, Institut Pierr

† Electronic supplementary informa
https://doi.org/10.1039/d4ea00108g

Cite this: Environ. Sci.: Atmos., 2025, 5,
8

Received 2nd August 2024
Accepted 30th October 2024

DOI: 10.1039/d4ea00108g

rsc.li/esatmospheres

8 | Environ. Sci.: Atmos., 2025, 5, 8–2
of volcanic aerosols from Mt. Etna
at varying aerosol water content and pH obtained
by different thermodynamic models†

Tegan Hull,a Sara D'Aronco,ab Suzanne Crumeyrolle,c Benjamin Hanoune,d

Salvatore Giammanco,e Alessandro La Spina,e Giuseppe Salerno,e Lidia Soldà,b

Denis Badocco,b Paolo Pastore, b Pasquale Sellittoef and Chiara Giorio *ab

Mt. Etna, an open-vent, persistently degassing volcano, is the tallest and most active volcano in Europe.

Aerosols from the summit (Bocca Nuova crater), downwind (about 10 km from the crater) and control

sites were collected during the EUROVOLC EPL-REFLECT field campaign in July 2019 and analysed for

aerosol mass determination, major inorganic and organic ions, and soluble and insoluble metals.

Computational modelling (using the models E-AIM, ISORROPIA, and Visual MINTEQ) was performed to

determine the speciation of metal ions in the deliquescent aerosol phase within the volcanic plume and

in aerosol collected in the town of Milo (Catania, Italy), a few km downwind of Mt. Etna and influenced

by transport of the volcanic plume. The aerosol liquid water concentration at the summit was strongly

dependent on the determination method – with ISORROPIA calculating a water concentration a factor

of 102 lower than that of E-AIM, which itself was a factor of 102–103 lower than the total water content

of the plume measured by infrared spectroscopy. The calculated pH was predominantly acidic (except

for ISORROPIA calculations in the three samples), with the highest acidity observed where the water

concentration was the lowest. Only a few metals were shown to have significant organic–ligand

complexation in the aerosol, i.e., Al(III), Cu(II), and Fe(III) with oxalate, in the deliquescent aerosol within

the plume. When considering the total amount of water of the plume, lower complexation was observed

because of more diluted species concentration and less acidity.
Environmental signicance

Aerosols, in which both metal content and their speciation are relevant attributes, can impact human health and the Earth's climate. Complexation with organic
ligands is an important process that can lead to changes in metal solubility, dissolution kinetics, redox activity, and particle physical properties such as optical
properties and hygroscopicity. We characterised atmospheric aerosols emitted byMt. Etna within the plume and 10 km downwind in the town of Milo. We found
that current models for calculating aerosol water content and pH give highly uncertain results, with the uncertainty affecting the results of the speciation of
metal ions. This research lays the foundation of a more systematic enquiry into volcanic aerosol complexation and the potential health effects on nearby
residents.
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1 Introduction

Volcanoes emit a chemically complex cocktail of gases and
aerosols into the atmosphere, which can affect human health,
ecosystems, and the Earth's radiative balance and climate.1,2

Volcanic aerosols, besides contributing to direct absorption and
reection of solar radiation and acting as a site for heteroge-
neous atmospheric chemical reactions, can also lead to
a number of changes in cloud nucleation and distribution. The
large volume of gases and aerosols released during a volcanic
eruption event can cause globally remarkable physical changes
in the atmosphere. For example, the 1991 Mt. Pinatubo erup-
tion led to an average O3 column reduction of 5% globally and
signicant climate impacts through stratospheric aerosol
© 2025 The Author(s). Published by the Royal Society of Chemistry
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injection.3 The more recent Hunga Tonga – Hunga Ha'apai
eruption in 2022 led to the largest stratospheric water vapour
perturbation ever observed with consequent radiative impacts.4

In contrast to large eruption events, such as those experi-
enced byMt. Pinatubo in 1991 or Hunga Tonga –Hunga Ha'apai
in 2022, many volcanoes instead undergo a lengthened period
of quiescent degassing, releasing a steady plume over many
years to centuries. Mt. Etna, located in Sicily, Italy, is an example
of this latter type of volcano.5 A previous investigation dedicated
to Etna quiescent degassing has estimated 2 kt of CO2 daily
emission on average, with considerable volumes of SO2, HCl,
and HF.6–8 In the study by Aiuppa et al.,7 CO2 emissions were
deemed to be 10–40 times larger during the 2004–2005 summit
eruption compared to the quiescent degassing periods. Even
under passive degassing conditions, Mt. Etna’s emissions can
have important impacts on the downwind atmospheric
composition, aerosol spatial distribution, and on the local
climate.9 This impact can extend throughout the Mediterranean
region.10

Allen et al.11 measured aerosol size distributions in the
plume at the summit craters Voragine and Bocca Nuova, and at
the northeast crater. The size distributions were dominated by
the ne fraction (Dp < 3.5 mm), with a larger contribution of
coarse particles (Dp > 3.5 mm) and higher mineral content
aerosols at the northeast crater, compared to Bocca Nuova,
attributed to Strombolian or gas puffing activity at the magma
surface in the vent.11 Major ions, such as F−, Cl−, NO3

−, SO4
2−,

Na+, NH4
+, K+, and Ca2+, were measured in 2004 and in 2005 at

the summit and downwind showing that the partitioning of F-
and Cl-is predominantly in the gas phase at the summit and in
the condensed phase downwind probably due to plume evolu-
tion (on a minute timescale) and meteorology.11,12 Size-segre-
gated measurements showed a different distribution of major
ions across ne and coarse fractions with halogens, nitrate and
sulphate dominating the ne fraction unlike the alkali and
alkali-earth metals which contributed more to the coarse frac-
tion. In addition, Sellitto et al.9 showed that hotspots of PM1 and
PM10 across the plume at the Bocca Nuova and Voragine craters
are not localised in the same plume section, conrming that
ne and coarse particles are generated by different sources such
as primary emissions of ashes (coarse) and gas-to-particle
conversion of SO2 to sulphate (ne).

Besides gasses and ashes, it has been observed that contin-
uous degassing can lead to a high amount of volatile metals
being emitted into the atmosphere, especially metals that are
characterised by higher aqueous uid-melt partition coeffi-
cients.5,13 Measurements of metals from Mt. Etna plume date
back to 1976.14 Besides the highly abundant alkali and alkali-
earth metals, high concentrations of Al, Fe, Zn, Cu, Se and Pb in
the range of 1–20 mg m−3 were found in the plume at the
summit crater.14 Gauthier et al.15 collected aerosol samples from
the Mt. Etna plume between 1991 and 1995 and found that
primary degassing always occurs at the summit no matter how
intense the volcanic activity. Except for Zn and Sn, which
showed higher uxes during eruptions, metal uxes during
eruptive and non-eruptive periods remained constant.15 In
2007, chemical abundances of the elements in aerosol samples
© 2025 The Author(s). Published by the Royal Society of Chemistry
collected in the plume at Mt. Etna were extremely variable due
to variability in the plume dilution, meteorological conditions
and emission rates at the crater.16 Despite the variability, Mt.
Etna remains the main point source of major and trace metals
in the Mediterranean region.17 Concerning water solubility of
volatile metals from volcanoes, extremely scarce information is
currently available in the literature. Ilyinskaya et al.18 measured
water solubility of a large range of metals emitted from the
K̄ilauea volcano (Hawai'i) during the 2018 eruption. The results
showed a very high solubility, close to 100% for most volatile
metals except for Bi.

To the authors knowledge there is no study that investigated
water-solubility of metals in volcanic aerosols emitted by Mt.
Etna or the atmospheric aqueous phase processing of volcanic
aerosols. In this study, size-segregated aerosol samples were
collected from Mt. Etna at the summit within the plume at the
Bocca Nuova crater, in a control location upwind, and in a 10
km downwind location in the town of Milo (Italy), in the context
of the EUROVOLC EPL-REFLECT eld campaign in July 2019.
These samples were analysed for inorganic ions, organic ions,
and soluble and non-soluble metals. Subsequently, thermody-
namic modelling techniques were used to investigate the
formation of metal–ligand complexes in atmospheric aqueous
aerosols. Metal solubility andmetal speciation together with the
results obtained from different thermodynamic models (E-AIM,
ISORROPIA and Visual MINTEQ) are discussed as well as
uncertainties and knowledge gaps in metal speciation.

2 Experimental
2.1 Field campaign

During the summer of 2019, a multi-instrumental eld
campaign took place at Mount Etna in the context of the “Etna
Plume Lab – near-source estimations of radiative effects of
volcanic aerosols for climate and air quality studies (EPL-
REFLECT)” project, funded by the European Commission under
the grant Horizon 2020-EUROVOLC. One of the main objectives
of the EPL-REFLECT project was to provide a near-crater size-
resolved characterisation of the composition and properties of
Mt. Etna's aerosol emissions, with the aim of characterising
their toxicity and how this evolves depending on in-plume
processes along dispersion downwind. For this latter objective,
aerosol samples were collected at Mt. Etna from the 8th to the
12th of July 2019. The samples were collected at three locations:
within the volcanic plume at the Bocca Nuova crater (two
samples), at a control location upwind of the plume, and in the
town of Milo (on the roof of “Milo La Torre”) approximately 10
km downwind of the plume (Fig. 1). The specic sampling
points were chosen to allow sampling of fresh aerosol within the
plume at the crater as well as aged aerosol being transported
downwind. The locations were chosen based on a visual
inspection of the plume direction and considering availability
of a suitable location for the sampling equipment. Concerning
the downwind site, the location chosen is representative of
transport towards the east, which is largely dominant (over 80%
of the overall transport) based on previous decadal scale
trajectory analyses.10
Environ. Sci.: Atmos., 2025, 5, 8–24 | 9
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Fig. 1 Map of Sicily (top panel), filter sampling locations at the summit
of Mt. Etna (middle panel) within (S1-0807 and S2-1207 sets) and
upwind (C-1207 set) of the plume and filter sampling locations in the
town of Milo (bottom panel) downwind of the plume (M-1007 set). The
Mt. Etna summit is located at 37.7510° N, 14.9934° E and has an altitude
of 3369 m.

Table 1 Summary of the filter samples collected during the EPL-RELFE
relative humidity (RH)

Sample
sets Sample type/site

Sampling
start date

S
s

FB-0807 Field blank (summit, not exposed) 08 Jul 2019 —
S1-08-07 Summit 1 (Bocca Nuova crater) 08 Jul 2019 1
M-1007 Milo (10 km downwind) 10 Jul 2019 1

S2-1207 Summit 2 (Bocca Nuova crater) 12 Jul 2019 1
C-1207 Control (summit, upwind) 12 Jul 2019 1

10 | Environ. Sci.: Atmos., 2025, 5, 8–24
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2.2 Sample collection and measurements

For each site, two parallel sets of samples were collected using
Personal Cascade Impactor Samplers (PCISs) in the size frac-
tions 10–2.5 mm, 2.5–1.0 mm, 1.0–0.5 mm, 0.50–0.25 mm, and
<0.25 mm in aerodynamic diameters with a sampling ow rate of
9 L min−1 mounted on a tripod.19 All samples were collected on
Teon membranes (Ø 25 mm Teon lters, SKC, 0.5 mm pore
size and Ø 37 mm Teon nal backup lters, SKC, 2.0 mm pore
size, used as purchased). A set of eld blanks was also collected.
Weighing of the lters was done, before and aer sampling,
aer conditioning at a temperature (T) of 20 ± 1 °C and relative
humidity (RH) of 50 ± 5% for at least 48 h, as in previous
studies.20,21 Filter samples were then stored at −20 °C until
analysis. Temperature and RH were measured at the site using
sensors tted to a low-cost Optical Particle Counter (OPC-
SEN0177). A summary of the samples collected, together with
recorded RH and T values are reported in Table 1.

2.3 Analysis of metals, inorganic ions, and short-chain
organic acids

One set of samples was used to determine the water soluble and
total concentrations of metals using inductively coupled plasma
mass spectrometry (ICP-MS). The samples were extracted in
a three-step procedure – water, hot diluted HNO3, and
concentrated HNO3. In the rst step, lter samples were placed
in 10 mL falcon tubes and 3 mL of ultrapure water (puried by
using Millipore MilliQ equipment) containing an internal
standard of 183Re at 25 ppb were added. The samples were
extracted in an ultrasonic bath (ELMA® Transsonic Digitals) for
40 min at room temperature. Aer that, lter samples were
removed from the falcon tubes, rinsed with ultrapure water, and
transferred into clean falcon tubes. Sample extracts were spiked
with concentrated HNO3 (68.5–69.5%, Aristar for trace analysis,
VWR) to obtain a nal HNO3 concentration of 3.45% (w/w)
before analysis. The second extraction was done in 3 mL of
a 3.45% (w/w) HNO3 solution in ultrapure water containing
159Tb at 25 ppb as the internal standard, in a bain-marie (100 °
C) for 2 h. Aer that, lter samples were removed from the
falcon tubes, rinsed with ultrapure water, and transferred into
clean falcon tubes. Sample extracts were analysed as is. The
third and last extraction was done in 3 mL of a ∼69% (w/w)
HNO3 solution in ultrapure water containing 72Ge at 25 ppb as
the internal standard, in a bain-marie (100 °C) for 1 h. Sample
extracts were diluted 1 : 20 with ultrapure water to obtain a nal
CT campaign in July 2019 together with average temperature (T) and

ampling
tart time

Sampling
duration (min) RH (%) T (°C)

— — —
3 h 45 128 100 23.40
2 h 00 1440 89.69 (night),

50.23 (average)
23.59 (night),
27.53 (average)

2 h 45 120 100 4.22
1 h 35 220 46.40 16.76

© 2025 The Author(s). Published by the Royal Society of Chemistry
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HNO3 concentration of 3.45% (w/w) before analysis. All samples
were analysed using an ICP-MS Agilent series 7700× (Agilent
Technologies International Japan, Ltd, Tokyo, Japan). The
instrumental operating conditions were as follows: radio-
frequency power 1550 W, RF matching 1.8 V, plasma gas (Ar)
ow rate 15 L min−1, carrier gas (Ar) ow rate 1.05 L min−1, He
gas ow rate 4.3 mL min−1, CeO+/Ce+ = 0.90%, nebuliser type:
microow PFA, spray chamber type: Scott double pass at 2 °C,
sample introduction speed 0.1 mL min−1, internal diameter of
the nickel cone 1.0 mm, internal diameter of the skimmer cone
0.5 mm, sampling depth 8.5 mm, dwell time/mass = 100.22,23

Quantication has been performed by external calibration
using the isotopes 72Ge, 159Tb, and 183Re as internal standards
to monitor the instrumental dri. Calibration standards were
prepared by diluting the following concentrated solutions:
rhenium standard for ICP (1001 ± 5 mg L−1, 2% HNO3, Sigma-
Aldrich), germanium standard for ICP (1005 ± 2 mg L−1, 2%
HNO3, Sigma-Aldrich), terbium standard for ICP (1002 ± 5 mg
L−1, 2% HNO3, Sigma-Aldrich), calibrating standard solution
CCS-5 for ICP (100.00 ± 0.70 mg mL−1 of B, Ge, Hf, Mo, Nb, P,
Re, S, Sb, Si, Sn, Ta, Ti, W, Zr, 1.2% (v/v) HF + 7.43% (v/v) HNO3,
Inorganic Ventures), and calibrating standard solution IV-
ICPMS-71A (10 ± 0.08 mg mL−1 of Ag, Al, As, B, Ba, Be, Ca, Cd,
Ce, Co, Cr, Cs, Cu, Dy, Er, Eu, Fe, Ga, Gd, Ho, K, La, Lu, Mg, Mn,
Na, Nd, Ni, P, Pb, Pr, Rb, S, Se, Sm, Sr, Th, Tl, Tm, U, V, Yb, Zn,
Inorganic Ventures).

One set of samples was used for quantication of inorganic
ions and short-chain organic acids by means of ion chroma-
tography (IC). The samples were extracted in 3 mL of ultrapure
water, in an ultrasonic bath in a slurry of ice for 40 min, ltered
(0.2 mm RC Membrane, Phenomenex 4 mm syringe lters), and
analysed in a Dionex IC system equipped with an a GP50
gradient pump, an EG40 eluent generation system tted with
a Dionex EGC III KOH RFIC™ eluent generator cartridge,
a LC25 oven, and an ED40 electrochemical detector (in
conductometric detection mode). Analytical procedures are
described in Tapparo et al.24 for inorganic anions and short-
chain organic acids and in Giorio et al.21 for inorganic cations.
2.4 Thermodynamic modelling

2.4.1 Extended aerosol inorganics model (E-AIM) IV. To
determine the aerosol liquid water content, the E-AIM Model
(Extended Aerosol Inorganics Model) IV was used. E-AIM is an
online-accessible phase equilibrium thermodynamic model,
developed by Wexler and Clegg,25,26 which allows the calculation
of water and ion distribution between different phases. Partic-
ulate inorganic ions NH4

+, Na+, SO4
2−, NO3

− and Cl−, as well as
the organic species acetic acid, succinic acid, malonic acid, and
oxalic acid, were the inputs, along with H+ (estimated from the
charge balance). In the case of an excess of positive charges,
NH4

+ was converted to NH3 to reach charge neutrality (and H+

was therefore not added in the input but then calculated by the
model). RH and temperature were also required. The model
partitions ions and organic acids into the liquid water phase,
a possible solid phase, and a gas phase. The organic species are
further divided into protonated and deprotonated forms. The
© 2025 The Author(s). Published by the Royal Society of Chemistry
model was run in ‘simple calculation’ mode (also known as
reverse mode), from which the aerosol liquid water content is
calculated based on the RH, T, and hygroscopicity of the aerosol
components, and then the pH of the liquid water phase is
calculated. The RH measured in situ was deemed unreliable in
a high-water content environment (with IR measurements of 12
000 ppmv relative to the background)27 of the plume, as
demonstrated in Fig. S1 in the ESI.† This, along with the input
restrictions of the model, meant a RH of 99.99% (the maximum
allowable) was used for the summit sites for E-AIM. Tempera-
tures used as input were those observed at 23.4 °C and 4.22 °C at
the Summit 1 (8th July 2019) and 2 (12th July 2019) sites
respectively. In the case of Milo (10th–11th July 2019), daytime
conditions were dry, and consequently a RH of 89.69% and
temperature of 23.59 °C, representing night-time conditions
were used for the calculations.

2.4.2 ISORROPIA II. ISORROPIA II was developed by
Fountoukis and Nenes28 and was run here in reverse mode (due
to unavailability of gas phase measurements), allowing solids to
precipitate. The input ions were Na+, NH4

+, K+, Mg2+, Ca2+,
SO4

2−, NO3
− and Cl−, as well as T and RH. As with E-AIM, the

ions are separated into solid, liquid water and gaseous phases,
with the model providing water concentration and pH. The
summit site temperature and RH inputs were the same as in E-
AIM, yet due to less restrictive model requirements, the average
RH and temperature were used, 50.23% and 27.53 °C for Milo.

2.4.3 Visual MINTEQ 3.1. To predict the speciation at
equilibrium in the aerosol water phase, thermodynamic
modelling program Visual MINTEQ 3.1 was used (https://
vminteq.com/). For each sample, three different runs were
carried out. The rst run used pH, ALW, metal and ion
molality inputs calculated from E-AIM. The second run used
pH, ALW, metal and ion molality inputs calculated from
ISORROPIA, and the third run used the metal and ion
molality inputs calculated from the average water content of
the plume (12 000 ppmv)27 while pH was calculated by Visual
MINTEQ from the charge and mass balance of the species in
solution. Measured temperatures were used for all runs.

Due to the input limitation of 28 ions the following were used:
NH4

+, Na+, SO4
2−, NO3

−, Cl−, succinate2−, malonate2−, oxalate2−,
acetate−, PO4

3−, K+, Mg2+, Ca2+, Al3+, Cr3+, Cu2+, Fe3+, Fe2+, Pb2+,
Zn2+, Mn2+, and Ni2+. The partitioning of Fe2+ and Fe3+ could not
be determined by ICP-MS. As there is generally more Fe2+ in the
day and more Fe3+ at night due to photochemistry, a 50 : 50
compromise was used as in a previous study.23 Although Fe3+ is
the thermodynamically stable form under atmospheric condi-
tions, previous studies showed that Fe2+ can be the dominant
species or equally present in the soluble fraction.29 Fe2+ can be
present in atmospheric aerosols in a substantial amount due to
photo- and other reduction processes in aerosols, especially in
the presence of secondary organic aerosols,30 and it can persist in
the core of atmospheric particles due to anoxic conditions being
established due to particle viscosity.31 The remainingmetals were
omitted because of their low concentrations as well as their
tendency to not form metal–ligand complexes. For the two
summit samples the Davies method for activity correction, with
a ‘b parameter’ of 0.3, was used. Whilst the SIT method gives
Environ. Sci.: Atmos., 2025, 5, 8–24 | 11
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higher accuracy for high concentration solutions, it does not
converge, and the Davies model's inaccuracies at high ionic
strength were deemed acceptable as used in previous studies.23,32

At the higher molality concentrations of the Milo samples, the
SIT method was used instead.
3 Results and discussion

During the EPL-REFLECT eld campaign, two sets of samples
were collected within the volcanic plume at the Bocca Nuova crater
on two separate days. On the second day of sampling at the
summit, a control sample upwind of the plume was also collected.
Additionally, a set of samples in the town ofMilo approximately 10
km downwind the plume in between the two days of sampling at
the summit was also collected. Temperatures at the summit were
very different between the rst and second days of sampling, with
23.4 °C on the rst day of sampling and 4.2 °C on the second day
of sampling. At Milo, the temperature was higher with a daily
average of 27.5 °C. During the sampling at Milo, the volcanic
plume was transported towards Milo as evidenced by deposition
of ashes at the sampling site. It should be noted that the plume
transport towards the east, i.e. in the direction of Milo, is largely
dominant (over 80% of the overall transport), based on the
decadal scale high-spatiotemporal-resolution Lagrangian trajec-
tory analyses of Sellitto et al.10 During the second day of sampling
at the summit, transport of Saharan dusts was additionally
observed (based on satellite observations and CAMS – Copernicus
Atmosphere Monitoring Service – reanalyses, not shown here),
likely overpassing the area at relatively high altitude (>5 km).
Despite this, the control sample collected upwind did not contain
a signicant amount of aerosol mass compared to the sample
collected within the plume (less than 10% contribution).
3.1 Aerosol mass, composition, and element solubility

The results of the gravimetric and chemical analysis are re-
ported in Table 2 as averages for each size-fraction. The PM
concentrations of the two samples collected at the summit on
8th and 12th July 2019 differ by approximately a factor of two
Table 2 Size-segregated concentrations of PM and major ions (mg m−3)
average and standard deviation between two samples) and in Milo

Size fraction
(mm)

Summit (Bocca Nuova crater)

10–2.5 2.5–1.0 1.0–0.50 0.50–0.25

PM 106 (51) 67.6 (6.6) 31 (31) 200 (70)
Na+ 5.40 (3.37) 1.04 (0.08) 1.10 (0.99) 10.4 (7.9)
NH4

+ 2.46 (0.26) 2.14 (0.34) 2.23 (0.49) 2.59 (0.46)
K+ 0.91 (0.35) 0.95 (0.31) 1.6 (1.2) 6.7 (3.4)
Mg2+ 0.37 (0.02) 0.15 (0.05) 0.10 (0.10) <DL
Ca2+ 2.04 (0.13) 0.72 (0.03) 0.38 (0.38) <DL
Fo− 0.03 (0.03) 0.13 (0.02) <DL 0.02 (0.02)
Cl− <DL 0.47 (0.27) 0.47 (0.47) 9.2 (9.2)
NO3

− 0.14 (0.06) 0.96 (0.64) <DL 0.08 (0.08)
SO4

2− 21.9 (5.2) 10.9 (3.5) 18.0 (5.5) 84 (20)
Ox2− 0.02 (0.02) 1.04 (0.92) 0.31 (0.06) 0.26 (0.13)
PO4

3− <DL 0.04 (0.04) 0.85 (0.45) <DL
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(PM10 of 830 and 444 mg m−3, respectively), probably due to
a different volcanic activity across the two days. In fact, Mt. Etna
entered a new active phase a few days later with initial sporadic
explosions at Etna's New Southeast Crater starting as early as
15th July.33 The observed PM were around a factor of ten lower
compared to the 2004.77 and 4498.75 mg m−3 found by Allen
et al.11 in August 2004 in the coarse (Dp > 3.5 mm) and ne (Dp <
3.5 mm) fractions, respectively, and a factor of een lower
compared to the PM10 of about 8000 mg m−3 found by Sellitto
et al.9 in July 2017.

Concerning major ions, as expected sulphate was the most
abundant inorganic ion measured in the samples collected at
the crater, originating from oxidation of SO2 emitted from the
volcanic vent.34 Sulphate concentrations within the PM10 frac-
tion were between 199 and 283 mg m−3 in this study, lower
compared to the 249.52 and 1629.94 mg m−3 found by Allen
et al.11 in August 2004 in the coarse (Dp > 3.5 mm) and ne (Dp <
3.5 mm) fractions, respectively. While HF and HCl are known
compounds emitted by Mt. Etna,8,35 uoride was not detected in
the condensed phase and chloride had a variable concentration
across the samples collected at Bocca Nuova (20.6 and 1.3 mg
m−3 in the rst and second samples, respectively). Fluoride
concentrations were below the detection limit in our study,
while those between 22.59 (for Dp > 3.5 mm) and 1.02 (for Dp <
3.5 mm) mg m−3 at Voragine/Bocca Nuova were observed in
August 2004.11 Concerning chloride, concentrations within the
PM10 fraction were between 1.35 and 20 mg m−3 in this study,
while they were 0.66 and 0.35 mg m−3 at Voragine/Bocca Nuova
in August 2004 in the coarse (Dp > 3.5 mm) and ne (Dp < 3.5 mm)
fractions, respectively.11 Consistent results between both
studies have been found for nitrate and the cations (Na+, NH4

+,
K+, Mg2+, and Ca2+).

Oxalate and formate were also detected in the samples
collected at the crater (Table 2), while they were below the
detection limit in the control sample collected upwind of the
plume. Organic compounds were previously detected in
volcanic plumes; however, only methane was conrmed to be
originated from the volcanic vent, including at Mt. Etna.36,37

Oxalate and formate detected here are likely to be formed from
in aerosol samples collected at the summit of Mt. Etna (reported as the

Milo

<0.25 10–2.5 2.5–1.0 1.0–0.50 0.50–0.25 <0.25

268 (64) 33.44 17.48 15.2 5.32 12.92
12.4 (5.7) 0.66 0.26 0.07 0.03 0.15
5.63 (0.41) 0.02 0.01 0.02 0.26 0.4
18.2 (8.8) 0.02 0.01 <DL 0.02 0.23
0.33 (0.28) 0.09 0.04 <DL <DL 0.03
4.1 (3.8) 0.64 0.26 0.12 <DL 0.22
0.03 (0.03) 0 <DL <DL <DL <DL
0.87 (0.26) 0.82 0.2 <DL <DL 0.08
<DL 1.08 0.57 0.14 0 0.12
107 (18) 0.6 0.26 0.16 0.69 1.27
0.81 (0.48) 0.04 0.03 0.04 0.02 0.07
0.40 (0.13) <DL <DL 0.02 <DL 0.1

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Size-segregated concentrations of metals (ng m−3) in aerosol samples collected at the summit of Mt. Etna (reported as the average and
standard deviation between two samples) and in Milo

Size fraction
(mm)

Summit (Bocca Nuova crater) Milo

10–2.5 2.5–1 1–0.5 0.5–0.25 <0.25 10–2.5 2.5–1 1–0.5 0.5–0.25 <0.25

Pb <DL <DL 6.3 (6.3) 69.1 (9.8) 76 (31) <DL <DL 0.19 0.24 0.05
Tl 0.90 (0.10) 1.37 (0.04) 1.53 (0.88) 14.16 (0.21) 15.4 (4.1) 0.02 0.01 0.02 <DL 0.07
Ba 11.7 (1.4) 5.25 (0.32) 4.7 (3.1) 1.7 (1.7) 13 (12) 4.80 3.39 2.62 0.64 1.31
Sr 26.7 (8.0) 10.2 (1.2) 4.26 (0.52) 1.80 (0.87) 0.31 (0.31) 6.07 1.85 1.11 0.37 0.76
Rb 1.58 (0.25) 1.34 (0.14) 1.32 (0.94) 25.2 (1.2) 27 (10) 0.42 0.17 0.11 0.05 0.15
Br 134 (70) 20 (15) 8.27 (0.30) 41 (17) 59 (17) 14.82 0.12 3.92 0.00 5.42
La 1.88 (0.78) 0.91 (0.20) 0.24 (0.08) 0.10 (0.01) 0.04 (0.02) 0.52 0.22 0.11 0.05 0.05
Cd 0.28 (0.05) 0.44 (0.18) 0.48 (0.41) 5.1 (1.1) 5.8 (1.1) 0.01 0.01 0.01 0.01 0.04
Se 4.3 (1.6) 4.3 (1.2) 8.8 (2.5) 63 (12) 50 (13) 1.25 1.01 0.20 0.78 0.02
As 1.52 (0.90) 2.84 (0.32) 5.64 (0.25) 26.1 (1.1) 12.34 (0.63) 0.00 0.10 0.14 1.57 1.23
Ga 2.23 (0.36) 1.74 (0.26) 1.51 (0.34) 0.42 (0.18) 1.00 (0.90) 0.68 0.60 0.42 0.13 0.17
Zn 12.8 (4.3) <DL 9.9 (1.1) 23.1 (4.2) 38 (17) 1.74 7.43 2.34 7.76 2.02
Cu 18.16 (0.47) 5.91 (0.85) 7.5 (5.6) 155 (33) 197 (95) 2.10 0.80 0.62 10.23 0.25
Ni 9.0 (8.7) 0.30 (0.08) 1.87 (0.97) 1.16 (0.03) 3.3 (1.5) 0.24 0.87 0.23 0.51 0.91
Fe 750 (420) 392 (167) 112.6 (3.6) 148.4 (2.5) 187 (12) 223.26 130.70 80.88 44.91 27.98
Mn 25 (13) 11.1 (1.8) 4.5 (1.8) 3.55 (0.24) 3.00 (0.33) 7.66 2.09 1.40 0.46 0.85
Cr 0.15 (0.15) 1.07 (0.35) 1.43 (0.67) 0.09 (0.01) 9.46 (0.52) 0.06 0.42 0.09 0.63 0.56
V 3.20 (0.93) 1.45 (0.17) 0.41 (0.40) 0.72 (0.08) 0.49 (0.14) 0.90 0.37 0.22 0.14 1.39
P 332 (332) 358 (328) 1439 (114) 415 (135) 197.64 33.44 47.18 106.34 63.97 21.43
Al 1954 (229) 600 (67) 217 (82) 119 (38) 255 (25) 348.28 199.16 115.79 50.89 13.65
B <DL <DL <DL <DL 24 (24) <DL 0.32 5.45 <DL 1.54
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oxidation of atmospheric volatile organic compounds in the
aqueous environment created by the plume rather than being
emitted from the volcanic vent. It is well known that organic
acid formation from their gaseous precursors is promoted by
aqueous phase chemistry in the troposphere.38

A downwind sample (Torre del Filosofo, about 1 km from the
crater) was collected in August 2004,11 substantially closer to the
Table 4 Metal solubility in aerosol samples collected at the summit of Mt
indicate in which sample (crater vs. Milo) the highest solubility was obse

Size fraction
(mm)

Summit (Bocca Nuova crater)

10–2.5 2.5–1 1–0.5 0.5–0.25

Pb NA NA 51% 51%
Tl 32% 63% 64% 96%
Ba 28% 54% 19% 0.0%
Sr 53% 66% 34% 34%
Rb 47% 75% 81% 100%
Br 5.9% 9.2% 45% 39%
La 55% 73% 53% 56%
Cd 61% 84% 93% 100%
Se 17% 42% 29% 70%
As 36% 24% 89% 99%
Ga 26% 29% 11% 21%
Zn 63% NA 56% 100%
Cu 18% 100% 81% 99%
Ni 95% 36% 71% 57%
Fe 3.8% 22% 20% 86%
Mn 69% 81% 38% 79%
Cr 7.4% 12% 4.2% 100%
V 15% 39% 32% 88%
P 6.5% 6.7% 1.8% 0.0%
Al 24% 44% 32% 57%
B NA NA NA NA

© 2025 The Author(s). Published by the Royal Society of Chemistry
emission source compared to the town of Milo (about 10 km
downwind), which is our downwind sampling location. At Torre
del Filosofo, concentrations of PM were 281.00 (Dp > 3.5 mm)
and 150.06 (Dp < 3.5 mm) mg m−3 in August 2004, while PM10 was
only 76.0 mg m−3 and PM2.5 was 42.1 mg m−3 in 2019 in Milo.
Consequently, all major ion concentrations were higher at Torre
del Filosofo in 2004 than in Milo in 2019.
. Etna (average between both summit samples) and in Milo. Bold values
rved

Milo

<0.25 10–2.5 2.5–1 1–0.5 0.5–0.25 <0.25

50% NA NA 20% 0.0% 51%
80% 60% 0.6% 2.3% 0.0% 78%
3.6% 50% 0.0% 1.9% 0.0% 32%
25% 71% 1.1% 8.8% 0.0% 44%
84% 68% 2.4% 3.8% 0.0% 80%
41% 23% 0.0% 0.4% NA 82%
53% 64% 8.6% 1.2% 0.4% 33%
81% 60% 0.0% 0.7% 5.0% 86%
38% 1.9% 0.0% 0.0% 6.2% 100%
67% NA 50% 2.5% 96% 82%
14% 56% 0.0% 2.2% 0.0% 40%
71% 51% 0.0% 31% 0.0% 100%
98% 59% 0.0% 0.0% 0.0% 100%
52% 59% 0.0% 21% 6.6% 66%
57% 46% 0.4% 0.9% 0.0% 7.4%
100% 74% 1.5% 9.4% 0.0% 61%
4.7% 100% 0.3% 2.3% 0.5% 9.4%
88% 58% 0.0% 0.0% 0.0% 82%
25% 80% 0.1% 2.9% 0.0% 16%
89% 51% 0.0% 1.0% 0.0% 47%
0.0% NA 0.0% 0.0% NA 84%
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Metal concentrations and solubility in water are reported in
Tables 3 and 4, respectively for both the samples collected at the
summit and in Milo. For both samples collected at the summit
on 8th and 12th July 2019, the water solubility is generally
higher than that in Milo for most elements for the middle three
size fractions except As and P. In the smallest size fraction
(<0.25 mm) about half of the species are more soluble at the
summit and half are more soluble at Milo, and in the largest
size fraction (10–2.5 mm) most species are more soluble at Milo.
Milo is characterised by a mixture of sources, including the
transport of the volcanic plume during the sampling period but
also other local natural and anthropogenic sources. The likely
explanation for the different solubilities might therefore be
attributed to an inuence of other natural and anthropogenic
sources at this location. Compared to the study from Ilyinskaya
et al.,18 the samples collected in the plume of Mt. Etna present
a higher solubility for Fe (up to 86%) and Mn (up to 100%)
compared to the samples collected at the ssure at K̄ilauea
volcano, Hawai'i, USA (<20% for both Fe and Mn). Furthermore,
Al and Ca were not soluble at K̄ilauea but show a solubility of up
to 90% and 100%, respectively, at Mt. Etna. We hypothesise that
these contrasting solubilities are likely to be caused by the
different activities of the two volcanoes during the sample
collection, with K̄ilauea being in the eruption phase and
therefore emitting metals embedded in crustal material (e.g.,
silicates) and Mt. Etna being in a quiescent degassing state and
therefore emitting metals in a more volatile form. Conversely,
for more volatile metals such as Cu, Zn, and Cd the solubility is
somewhat consistent (close to 100%) between both studies. As
and Cd are also characterised by high solubilities at both sites
while Se and Pb show a lower solubility in the samples collected
at Mt. Etna (<70% and <56%, respectively) compared to an
almost 100% solubility at K̄ilauea.

3.2 Calculation of aerosol liquid water content and pH

Metal speciation in solution strongly depends on the amount of
water available, and therefore the concentration of the dissolved
Table 5 Aerosol liquid water (ALW) content and pH predicted by E-AIM a
Visual MINTEQ using the averaged water content in the volcanic plume

Sample
Size fraction
(mm)

E-AIM ALW
(mg m−3)

ISORROPIA
(mg m−3)

Summit 1 S1-0807 10–2.5 8.72 × 104 1.14 × 103

2.5–1.0 7.89 × 104 8.03 × 102

1.0–0.50 1.32 × 105 2.04 × 103

0.50–0.25 7.15 × 105 1.59 × 104

<0.25 6.59 × 105 1.09 × 104

Summit 2 S2-1207 10–2.5 1.45 × 105 2.18 × 103

2.5–1.0 6.35 × 104 1.30 × 103

1.0–0.50 6.58 × 104 1.30 × 103

0.50–0.25 3.30 × 105 6.66 × 103

<0.25 4.66 × 105 9.10 × 103

Milo M-1007 10–2.5 16.7 14.7
2.5–1.0 60.7 5.21
1.0–0.50 1.24 0.60
0.50–0.25 2.20 2.35
<0.25 5.59 3.65

14 | Environ. Sci.: Atmos., 2025, 5, 8–24
species, and pH conditions. E-AIM and ISORROPIA are the two
most used thermodynamic models to calculate the aerosol
liquid water (ALW) content and aerosol pH. Table 5 shows the
calculated ALW concentration and pH obtained with the E-AIM
Model IV and ISORROPIA II for all collected samples at the
summit of Mt. Etna and in Milo. At the summit, E-AIM
consistently predicts a much higher water concentration than
ISORROPIA under these conditions.

To gain a qualitative understanding of how the ALW
concentration calculated by the models depends on RH, the two
models (E-AIM and ISORROPIA) were run with identical ion
inputs (i.e., NH4

+, Na+, SO4
2−, NO3

− and Cl−, no organics or other
alkali metals, but E-AIM also required H+ from the ion charge
balance) using data from one of the samples (summit 1, 0.5–0.25
mm size fraction). This was repeated with a RH of 60% to 99.99%
in 10% increments up to 90%, then at 95%, 98% and 99.99%.
Fig. 2a shows how the ALW content varies, indicating that the
models agree within a factor of approximately 1.5 at lower RH,
but rapidly diverge at RH close to saturation. This is consistent
with the data in Table 5, where the water concentration calcu-
lated for the Milo data are within the same order of magnitude in
E-AIM and ISORROPIA. In contrast, values are different, by
a factor of 100, at the summit sites where the humidity is at
saturation.

Although E-AIM and ISORROPIA are both thermodynamic
models, they use different assumptions leading to their diver-
gence. E-AIM is a more computationally thorough model
compared to ISORROPIA, which is more efficient at the expense
of accuracy as it was optimised for chemical transport models.39

ISORROPIA assumes that H+ and OH− activity coefficients are
unity, whereas E-AIM calculates them. To calculate the activity
coefficients of other ions, ISORROPIA uses the Kusik–Meissner
and the (empirical and efficient) Bromley equations, whereas E-
AIM uses the more rigorous and laborious Pitzer–Simonson–
Clegg (PSC) equations.40

Given the different ALW contents calculated by E-AIM and
ISORROPIA, the pH was also very different between the two
nd ISORROPIA for the different samples as well as pH calculated using
of 12 000 ppmv27

ALW
E-AIM pH ISORROPIA pH Visual MINTEQ pH

2.85 12.31 6.47
2.85 1.46 5.52
2.72 1.42 7.63
2.66 1.09 5.96
2.68 1.80 5.51
3.66 13.49 5.17
2.91 13.03 5.46
2.64 1.16 5.85
2.50 1.01 5.92
2.59 1.16 5.73

−0.05 0.78
−0.03 7.05
0.36 7.05
0.40 7.05
0.95 7.05

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Comparison of the outputs between E-AIM and ISORROPIA
using the chemical composition of sample S1-0807-PM0.5–0.25

(summit 1, 0.5–0.25 mm size fraction) as the input and varying relative
humidity, between 60% and 100%: (a) aerosol liquid water (ALW)
content, (b) pH, and (c) correlation between ALW and pH.
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models (Fig. 2b), which diverged substantially, approximately by 2
pH units, at RH close to saturation. The computed pH is highly
correlated (r > 0.999) with the logarithm of ALW (Fig. 2c) which is
consistent between the two models. As Table 5 shows, there are
some striking differences in the pH predicted in the larger size
fractions of the summit samples, S1-0807 and S2-1207. Literature
studies suggest that atmospheric aerosol is acidic in nature, due
to the high quantities of H2SO4 present and the large surface area
to volume ratio.41–43 In addition, the volcanic plume is rich in
acids such as HF and HCl in addition to SO2 emissions.35

Therefore, the lower pH values predicted by E-AIM at the summit
in the 10–2.5 mm (S1-0807 and S2-1207) and 2.5–1.0 mm (S2-1207)
size fractions aremore expected results, instead of the alkaline pH
© 2025 The Author(s). Published by the Royal Society of Chemistry
from ISORROPIA. An acidic pH, around 5.3, has also been
measured previously in wet depositions at Mt. Etna.16

E-AIM and ISORROPIA were both run in reverse mode,
meaning that only aerosol phase concentrations of species were
used as the input. The main difference between the concen-
tration inputs used in reverse and forward modes (which
includes gas phase concentration of species) is for NH4

+ (as NH3

is an important atmospheric species that partition between the
gas and aerosol phases) because the other inorganic ions
generally do not have high concentrations in the gas phase. The
partitioning of NH3/NH4

+ attempted by the models in reverse
mode is the main source of error.44 Due to the experimental
setup at Mt. Etna, only the aerosol concentrations were recor-
ded (from the analysis of the lter samples), and no information
about the gas phase, especially the NH3 concentration, is
available which is essential to properly constrain ISORROPIA
calculations.

As shown by Hennigan et al.,44 the forward and reverse
modes are in poor agreement concerning pH for both E-AIM
and ISORROPIA models – with their data suggesting a median
difference of 3.1 and 3.5 pH units between the two modes,
respectively. Reverse mode calculations predicted pH much
lower than that in either forward mode calculations or phase
partitioning calculations of NH3/NH4

+. Hennigan et al.44 sug-
gested that the two best proxy methods for estimating aerosol
pH are thermodynamic equilibrium models run using both gas
and aerosol concentrations as inputs, and the phase partition-
ing of ammonia while the reverse mode calculations are less
reliable. In contrast, Yao et al.45 found that reverse mode
calculations gave a more accurate prediction of aerosol pH
given that they do not assume that the partitioning equilibrium
of NH3/NH4

+ is reached in the atmosphere and most of the
sulphate would remain unneutralised. However, Nault et al.46

found that E-AIM calculations are relatively insensitive to gas
phase constraints as shown by sensitivity analysis run with and
without gas phase measurements.

Another issue which has undoubtedly led to inaccuracies
with the pH calculations is the treatment of the organic species.
To calculate the H+ concentration in E-AIM, a charge balance
calculation involving only the inorganic ions was used. Henni-
gan et al.44 highlight that neglecting the organic species in this
charge balance, especially in environments at low acidities,
where dissociation of the organic acids is likely, leads to inac-
curacies. ISORROPIA does not require H+ input from charge
balance but also does not have organic species input, so it likely
faces similar problems by neglecting their treatment. Running
E-AIM for all summit and Milo samples without including
organics leads to a pH which is higher by 0.01–0.03 pH units.
This very small adjustment owing to organics is consistent with
ndings from Guo et al.,47 who also both calculated very minor
changes in pH from neglecting organic ions (less than 0.25 pH
units, although Song et al.48 predicted an increase and Guo
et al.47 predicted a decrease). The small magnitude of the
correction means that this is unlikely to be a main point of
disagreement between E-AIM and ISORROPIA.

Between both models, the discrepancies in pH values can be
partly attributed to the activity coefficient.28 As previously
Environ. Sci.: Atmos., 2025, 5, 8–24 | 15
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Fig. 3 Infographic summarising the main known differences between
the thermodynamic calculations of aerosol liquid water content and
pH by the ISORROPIA and E-AIM models.
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discussed, whilst ISORROPIA assumes unit activity coefficient
for H+, E-AIM calculates it. Jia et al.49 predicted this to generally
increase the pH of ISORROPIA compared to E-AIM by 0.25 pH
units. This is not consistent with the results obtained in Table 5
where, except for the anomalous very high pH calculated for the
larger size fractions (S1-0807-PM10–2.5, S2-1207-PM10–2.5, and S2-
1207-PM2.5–1), the summit samples indicate a consistently
higher pH with E-AIM. Omitting the three anomalous samples,
E-AIM has a pH higher by 1.36 (mean) or 1.43 (median) pH
units. If all samples are considered, ISORROPIA has a higher pH
by 1.99 pH units on average (mean), although the median
predicts E-AIM results to be higher by 1.34 pH units.

However, probably the most important factor contributing to
the lower pH in ISORROPIA is the water concentration, which is
a factor of 100 smaller in ISORROPIA than E-AIM. With this
discrepancy alone, ISORROPIA would predict a pH lower by 2
pH units.

Research using the models at such high RH is sparse, so
a literature review was unable to determine whether E-AIM and
ISORROPIA gave more reliable results under this particular
condition. IRmeasurements of the volcanic plume showed awater
concentration of 12 000 ppm (1.43 × 107 mg m−3) – much higher
than that predicted by E-AIM or ISORROPIA. The plume likely
contained water droplets in addition to aerosol-bound water, so IR
measurements provide the sum of both contributions.

At Milo, the water concentrations are much lower than those
at the summit. Solid precipitation and supersaturation due to
high ion concentrations are seen, and so unit activity coefficient
for H+ is a poor approximation. The high, anomalous pH pre-
dicted by ISORROPIA is likely due to this. E-AIM does not face
similar issues because it makes no assumptions about the H+

activity coefficient.
Fig. 3 summarises the main differences between ISORROPIA

and E-AIM leading to different estimates of ALW and aerosol
pH. Besides the aforementioned differences, disregarding the
hygroscopicity of organics may cause underestimations in the
ALW calculated by ISORROPIA.50 In addition, previous studies
suggested that ISORROPIA may overpredict pCl− because of
a too large effective equilibrium constant for HCl51 and it may
overpredict particle nitrate at low RH due to possible organic–
inorganic phase separations.50 Similar investigations for E-AIM
were not found so it remains unclear if these inaccuracies may
affect E-AIM calculations too, keeping also in mind that E-AIM
works in a narrower range of RH conditions (>60% and <100%)
compared to ISORROPIA. Finally, Peng et al.52 showed that
a different treatment of the dissociation equilibrium of HSO4

−

under highly acidic conditions may cause discrepancies
between ISORROPIA and E-AIM with higher pH being predicted
by ISORROPIA. This different way of accounting for the disso-
ciation equilibrium of HSO4

− seems to be linked with the
availability of NH3 to partition and neutralise, as well as the
different way in which activity coefficients are calculated.52
3.3 Metal speciation

Water content and pH are important parameters that inuence
the speciation of metals in solution. The results obtained from
16 | Environ. Sci.: Atmos., 2025, 5, 8–24
E-AIM and ISORROPIA were remarkably different (see Section
3.2), and the water content of the plume measured by IR27 was
orders of magnitude higher than that calculated by both
models. For this reason, metal speciation calculations with
Visual MINTEQ for the summit aerosol were run three times –
one for each both the E-AIM calculation and ISORROPIA
calculation of water concentration, and once for the IR
measurement of water concentration. The pH for the IR water
concentration, shown in Table 5, was calculated by inputting
proton concentration calculated by using the charge balance of
the determined inorganic and organic ions, and then allowing
Visual MINTEQ to calculate pH by using the mass balance. For
the Milo aerosol, Visual MINTEQ was run twice, for both the E-
AIM and ISORROPIA concentrations of water and pH.

3.3.1 Comparison of metal speciation in samples collected
in the volcanic plume. Fig. 4 shows the comparison of the
calculated metal speciation using water concentrations and pH
derived by E-AIM and ISORROPIA, and the IR measurements
with Visual MINTEQ calculations.

Looking at the distribution seen at the summit with the E-
AIM water concentration, shown in Fig. 4a, of the 13 metals,
Ni2+, K+, Mg2+, Ca2+ and Fe2+ have a distribution between the
free ion, inorganic–ligand complexes and organic–ligand
complexes which vary by less than 10% across all the size
fractions, showing a high free ion percentage, with around 10–
20% inorganic–ligand complex. Cr3+ is distributed almost
equally between its free ion form and inorganic form bound to
sulphate in the form of CrSO4

+. In the nest size fractions (<2.5
mm), due to high oxalate concentration, two metals (Al3+ and
Fe3+) display more variable speciation with a signicant
contribution from complexation with oxalate. Complexation by
oxalate contributed up to 80% of Fe3+ in the smallest size
fraction (<0.25 mm). The signicant variation in Al3+ and Fe3+
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Comparison of metal speciation for samples collected at the summit of Mt. Etna (average of the two samples), within the volcanic plume,
using (a) water content and pH calculated with E-AIM, (b) water content and pH calculated with ISORROPIA, and (c) measuredwater content with
IR and pH calculated with Visual MINTEQ.

Paper Environmental Science: Atmospheres

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
D

ite
li 

20
24

. D
ow

nl
oa

de
d 

on
 2

6/
01

/2
02

6 
6:

16
:3

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
indicates high sensitivity of complexation to water concentra-
tion, chemical composition, and pH.

Turning to the ISORROPIA calculations of water at the
summit, as shown in Fig. 4b, there is signicant variation
between the size fractions due to the skew from the anomalous
high pH values in the two larger size fractions. The three
samples with high pH (S1-0807-PM10–2.5, S2-1207-PM10–2.5, and
S2-1207-PM2.5–1) had 60–90% of the oxalate in the free anion
form, compared to 27% in S1-0807-PM2.5–1. This aligns with the
pKa values for oxalate being 1.25 and 4.40, and thus the
deprotonated form being present.53 Oxalate is discussed
because it is the most abundant organic species in all samples.
It also complexes strongly, unlike some other organics.32 In
addition, iron oxide precipitation at high pH means no iron is
© 2025 The Author(s). Published by the Royal Society of Chemistry
available for binding with oxalate. Most of the metals were seen
as free ions, within inorganic complexes or as precipitates given
the lower ALW content. In the remaining samples, a decrease in
free ion and an increase in inorganic complex abundance was
seen as the size fractions got smaller, and the organic fraction
was small and invariant (except for Al3+, Cu2+, and Fe3+). This
does not follow the trends in water or acidity.

Visual MINTEQ calculations based on IR water concentra-
tions at the summit, shown in Fig. 4c, show an abundance of
free ions for Na+, K+, Mg2+, Ca2+, Mn2+, Zn2+ and Fe2+ across all
size fractions. Cr3+ and Fe3+ are also invariant across size frac-
tions, with the vast majority of the metals within inorganic–
ligand complexes for Cr3+ (as Cr(OH)2

+ and Cr(OH)3(aq.)) and as
precipitates for Fe3+ due to higher pH. Cu2+, Al3+ and Pb2+ show
Environ. Sci.: Atmos., 2025, 5, 8–24 | 17

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ea00108g


Environmental Science: Atmospheres Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
D

ite
li 

20
24

. D
ow

nl
oa

de
d 

on
 2

6/
01

/2
02

6 
6:

16
:3

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
more variation, seemingly uncorrelated with water concentra-
tion (constant in all samples) and pH.

The E-AIM and ISORROPIA metal distributions at the
summit differ – E-AIM water concentration predicts more free-
ions, whereas ISORROPIA concentration predicts more inor-
ganic–ligand complexation. Exceptions to this are Fe3+, with
more organic–ligand complexation seen in E-AIM than ISO-
RROPIA, Zn2+ and Cr3+, showing relatively high organic–ligand
complexation in the 2.5–1.0 mm size ISORROPIA samples
compared to E-AIM, and Al3+ which shows variable trends but
more organic–ligand complexation in E-AIM.

Compared to E-AIM and ISORROPIA, the IR water concen-
tration based calculations predict largely higher free-ion
concentrations at the summit in 9 metals, as expected given the
higher water concentrations. Cu2+ (E-AIM) and Fe3+ (E-AIM and
ISORROPIA) have signicant concentrations of organic
complexes, not seen in IR. This could be due to the higher pH
predicted using IR water concentrations compared to E-AIM
and ISORROPIA water concentrations, above the pKa values for
oxalate. Al3+ is mostly precipitating according to the calcula-
tions based on IR input data due to the higher pH.

The metals with an appreciable proportion of organic–ligand
complexes are Al3+, Cu2+ and Fe3+. The detailed speciation of
their soluble fraction for samples collected at the summit is
shown in Fig. 5 together with that of Fe2+ for comparison. Fig. 5
shows a remarkably different distribution of ions with size for
the three model simulations. These different distributions can
Fig. 5 Detailed speciation of (a) Al3+, (b) Cu2+, (c) Fe2+, and (d) Fe3+ for s
standard deviations between the two samples collected at the summit o

18 | Environ. Sci.: Atmos., 2025, 5, 8–24
be attributed to the different conditions being simulated, in
terms of water content and pH, which drives not only the ion
speciation in solution but also the amount of precipitation
being predicted for different ions (as can be seen also in Fig. 4).

The distribution of Al3+, shown in Fig. 5a, is strongly
dependent on water concentration. At high water concentra-
tions (IR), the organic–ligand complexes AlOH–oxalate, Al–
oxalate+ and Al(OH)2–oxalate

− are most concentrated, except in
the largest size fraction, where Al3+ and AlOH2+ are seen. The
higher pH using IR water concentration inputs, allows oxalate
to be more available to complex elements other than Fe as
observed in previous studies.23 For the calculations based on
lower water concentration of E-AIM, inorganic–ligand
complexes, organic–ligand complexes and the free ions have all
large relative concentrations. The lowest water concentration,
predicted by ISORROPIA, favours inorganic–ligand complexes
while Al–oxalate+ and Al3+ are comparatively less concentrated
than for calculations using E-AIM and IR inputs.

Fig. 5b shows the Cu2+ species predicted at the summit. In all
cases, the free ion is the most abundant species in most size
fractions. All three models also predict that CuSO4(aq.) is the
highest concentration inorganic–ligand species, and Cu–oxala-
te(aq.) is the highest concentration organic–ligand species. As
with Al3+, inorganic–ligand species are more dominant at low
water concentrations, with CuSO4(aq.) more abundant in
calculations based on water concentration from E-AIM and
ISORROPIA than in IR, which favours Cu–oxalate(aq.).
amples collected at the summit within the volcanic plume. Bars show
f Mt. Etna.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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For all three water concentrations, the free ion Fe2+ is the
most concentrated inmost size fractions, as shown in Fig. 5c. As
in the Cu species, the free ion is dominant at high (IR) water
concentrations. FeSO4

2+, Fe–oxalate+ and Fe(–oxalate)2
− are of

comparable magnitude in the lower water content scenarios (E-
AIM and ISORROPIA). For the largest size fraction, using the
water content and pH calculated with ISORROPIA, Fe(OH)3

− is
the most concentrated species by a factor of 104.

Looking more specically at Fe3+ species, as shown in
Fig. 5d, the free Fe3+ ion has a low relative concentration. Unlike
previous trends, the high water concentration scenario (IR)
favours the inorganic–ligand complex Fe(OH)2

+, whereas E-AIM
features organic–ligand complexes at high concentration.
Fig. 6 Comparison of metal speciation estimated with Visual MINTEQ an
using (a) water content and pH calculated with E-AIM, and (b) water con

© 2025 The Author(s). Published by the Royal Society of Chemistry
Organic–ligand and inorganic–ligand complexes are of compa-
rable magnitude in ISORROPIA.

For Zn2+ and Ni2+, E-AIM calculates that a minor proportion
of these two metals coordinates with oxalate (Fig. S2 and S3†).

3.3.2 Comparison of metal speciation in samples collected
in Milo, downwind of the volcanic plume. Fig. 6 shows the
comparison of the calculated metal speciation using water
concentrations and pH derived by E-AIM and ISORROPIA for
the sample collected in the town of Milo, about 10 km down-
wind from the crater. Fig. 6a shows the metal speciation ob-
tained using E-AIM water concentration and pH. The largest
three size fractions show similar distributions. In the 0.5–0.25
mm size fraction, only a few metals were detected, and their
d based on samples collected in Milo, 10 km downwind of the plume,
tent and pH calculated with ISORROPIA.

Environ. Sci.: Atmos., 2025, 5, 8–24 | 19
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speciation resembles that of the largest size fractions. However,
the smallest size fraction (<0.25 mm), which has less water and
reduced acidity compared to the largest three size fractions,
shows less free ions, more inorganic–ligand complexes, and
precipitation. A few ions do not t this trend, such as Zn2+

which is relatively invariant, and Pb2+ and Fe3+ mostly precipi-
tating in the smallest size fraction. Cr3+ is calculated to be
complexed with acetate as Cr–acetate2+ in the 1–0.5 mm size
fraction and to a minor extent in the two largest size fractions
too.

Calculation based on Milo samples using ISORROPIA water
concentration, as shown in Fig. 6b, had very different distri-
butions, likely due to the large difference in pH (very acidic at
10–2.5 mm, and neutral at 2.5–1.0 mm). In eight of the metals,
there are more free-ions in the largest size fraction, while the
majority of metals precipitate in the smallest size fraction. This
could be attributable to the decrease in water concentration by
a factor of 2.8 from the largest to the smallest size fractions. In
Cr3+, the larger size fraction had signicant organic–ligand
complexation, while it precipitates for all other size fractions.
Ni2+ shows complexation with organics in the 0.5–0.25 mm size
fraction in the form of Ni(oxalate)2

2− and Ni–oxalate(aq.). Cu2+

and Zn2+ are mainly complexed with ammonia in the smaller
size fractions, as Cu(NH3)4

2+, Cu(NH3)3
2+, Zn(NH3)4

2+, and
Zn(NH3)3

2+, due to the high pH calculated by ISORROPIA.
Generally, at Milo, Visual MINTEQ estimation based on E-

AIM water concentration predicts more free-ions and more
soluble inorganic–ligand complexation than the one based on
ISORROPIA inputs. This can partly be explained by the different
T and RH inputs used in the two models for Milo (nighttime
conditions of 89.69% RH and 23.59 °C for E-AIM, and average
daily conditions of 50.23% and 27.53 °C for ISORROPIA). ISO-
RROPIA generally shows higher organic–ligand complexation
for Ni2+ in the 0.5–0.25 mm size fraction, as oxalate is found in
its fully protonated form at greater relative concentrations in
the very acidic environment as calculated by E-AIM. Contrast-
ingly, E-AIM calculates Cr3+ to be complexed with acetate in the
three largest size fractions and especially in the 1–0.5 mm size
fraction, while ISORROPIA calculates it to be complexed with
acetate in the largest size fraction only (acidic pH for ISO-
RROPIA, contrary to the lowest size fractions).

3.3.3 Comparison of metal speciation in samples collected
within the volcanic plume and in Milo. Looking at the summit
and Milo samples from E-AIM together, generally, as water
content decreases and acidity increases, the free ion concen-
tration falls, and inorganic complex concentration grows. This
is observed in Ni2+, K+, Ca2+ and Pb2+ in all size fractions.
Precipitation also increases in Milo given the lower water
content, especially for Ca2+, Mn2+, and Fe3+. Formation of
organic complexes is more favoured at the summit except for
Cr3+ for which higher organic complex concentrations are
observed at Milo.

Comparing the ISORROPIA summit and Milo in the 10–2.5
mm samples, the water concentration decreases from the
summit to Milo by a factor of 100. The pH goes from 12 at the
summit to around 0 at Milo, which led to all metals increasing
free ion concentration and decreasing inorganic–ligand
20 | Environ. Sci.: Atmos., 2025, 5, 8–24
complex concentration, except for Cr3+ where organic–ligand
complex concentration (with acetate as the ligand) grew
signicantly. The four smallest size fractions show less unifor-
mity in their changes in composition from the summit to Milo
likely due to the neutral pH calculated using ISORROPIA inputs
for the samples collected in Milo together with the decrease in
water content. In Milo, despite the water content predicted by E-
AIM and ISORROPIA being of comparable magnitude (unlike at
the summit), Visual MINTEQ calculates very different species
distributions. This is likely because E-AIM predicts a very acidic
environment whereas ISORROPIA indicates almost neutral
aerosols.

4 Conclusion

In this paper, we presented for the rst time a detailed chemical
characterisation and metal ion speciation for aerosol samples
collected within the plume emitted at the Bocca Nuova crater at
Mt. Etna, during continuous degassing, as well as for a 10 km
downwind sample collected in the town of Milo.

Metal speciation calculations rely on knowledge concerning
the water content of the aerosol and its pH. We compared two
models, E-AIM and ISORROPIA, for determining water
concentration and pH which have been shown to differ signif-
icantly under high relative humidity and supersaturation
conditions within the plume. ISORROPIA calculates a water
concentration a factor 102 lower than that of E-AIM and alkaline
pH values for some of the samples. As the volcanic plume
environment is characterised by high concentrations of acids,
such as HF and HCl, together with SO2 which converts to
H2SO4,35 ISORROPIA appears to be unreliable in this environ-
ment when run in reverse mode (i.e., lacking the constraint of
gas phase concentrations of ammonia and acids). This is also
conrmed by pH calculations being run using the Visual MIN-
TEQ model using the plume water content measured by IR. The
plume water content measured with IR was a factor of 102–103

larger than E-AIM, although this is not necessarily reective of
the aerosol water content within the plume.

At Milo, E-AIM and ISORROPIA calculate similar aerosol
water contents. Differences in pH between E-AIM and ISO-
RROPIA were due to supersaturation conditions making the
simplications (e.g., activity equal to one for H+ and OH−) that
ISORROPIA utilises inappropriate. The results of our study
show that, when run in reverse mode (i.e., without constraints
on gas species concentrations), the more computationally
thorough E-AIM provides reliable results which is consistent
with a previous study46 that ran sensitivity analysis with and
without gas concentration constraints and found that the
results were in good agreement. On the other hand, ISORROPIA,
which was designed to be more computationally efficient for
running with chemical transport models,39 requires constraints
for the partitioning of NH3/NH4

+ to provide accurate results.
Our study highlights large discrepancies between E-AIM and
ISORROPIA, especially under more extreme conditions (dry at
Milo, in supersaturation within the volcanic plume). Recording
gas phase composition data, e.g., NH3(g) concentration, would
enable E-AIM and ISORROPIA to be run in their more accurate
© 2025 The Author(s). Published by the Royal Society of Chemistry
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‘forward’ mode, thus rening water concentrations and pH
calculations. Nevertheless, more research is needed to under-
stand the range of applicability of the two models but also more
direct measurements of water content54 and aerosol pH42 would
allow lling knowledge gaps on aerosol speciation.

The large discrepancies between the water content and pH
calculated by the two models impact the speciation results
which are largely dependent on the absolute concentrations of
dissolved species as well as pH conditions. Within the volcanic
plume and using E-AIM water concentration, Visual MINTEQ
predicts most metals in deliquescent aerosol to be present
predominantly as free ions. Signicant organic complexation,
with oxalate, is calculated only for Al3+, Cu2+, and Fe3+ and to
a minor extent also for Ni2+ and Zn2+. When considering the
total content of water in the plume, Al3+ and Fe3+ predominantly
precipitate due to a less acidic pH compared to that of the
aerosol-bound water calculated by E-AIM. Concerning Cr3+, in
both cases, it is calculated to be bound to inorganics but in the
form of CrSO4

+ using input data from E-AIM and as Cr(OH)2
+

and Cr(OH)3(aq.) using the total water content of the plume
(measured by IR). When using input data from ISORROPIA, the
speciation broadly overlaps with that obtained using E-AIM
input data for the three smallest size fractions. However, due to
the unreasonably very basic pH calculated by ISORROPIA for the
two largest size fractions the resulting speciation appeared to be
extremely different, with a large extent of precipitation for most
metals, and presumably incorrect given the acidic conditions
expected for a typical volcanic plume.

Downwind from the crater, in the town of Milo, large
discrepancies between the speciation obtained with E-AIM and
ISORROPIA inputs are also found predominantly due to the very
different pH conditions calculated by the two models. At Milo,
E-AIM calculates a a larger fraction of inorganic-bound metals
due to the lower aerosol water concentrations compared to
those of the plume environment. Additionally, Ca2+ is calcu-
lated to precipitate thus removing oxalate from the water phase
and preventing the formation of organic–ligand complexes with
other metals. A minor contribution of organic complexation is
observed only for the smallest size fraction for Al3+, Cu2+, and
Fe3+ while Cr3+ is predicted to be bound to acetate in the three
largest size fractions. Visual MinteQ with ISORROPIA inputs
calculates a large extent of precipitation for many metals in the
four smallest size fractions due to the neutral pH. Organic
complexation is found only for Ni2+ (with oxalate) in the 0.5–
0.25 mm size fraction, probably due to oxalate deprotonation as
well as the absence of other metals that would bind strongly
with oxalate, and for Cr3+ (with acetate) in the 10–2.5 mm size
fraction, the only one with acidic pH according to Visual MIN-
TEQ based on ISORROPIA inputs. Due to the neutral pH in the
smallest four size fraction (from ISORROPIA), Zn2+ and Cu2+

would be found to be complexed with ammonia at Milo.
As evident in the error bars in Fig. 5, the variation in

concentration of species between the two summit samples
recorded on different days is signicant. This result highlights
the need for collecting more samples within the plume. From
the sample data, the solubility of metals in aerosols is size
dependent, with the largest, 10–2.5 mm, and smallest, <0.25 mm,
© 2025 The Author(s). Published by the Royal Society of Chemistry
fractions more soluble at Milo, and the 2.5–0.25 mm fractions
more soluble at the summit. The higher metal solubility in the
coarse fraction at Milo is unexpected, given that generally the
coarse fraction is made of less soluble material as observed
previously in both urban55 and more remote marine56 environ-
ments. Also for downwind samples, there is a need for further
studies to evaluate metal solubility and the impact of the
volcanic plume on the local and regional outdoor air. Previous
studies have shown that the oxidative potential of aerosol is
inuenced by the chemical form in which metals are present in
the aerosols, which is inuenced by coordination with organic
ligands.57,58 Similarly, reactive oxygen species production is
impacted by coordination between metals and organic
ligands.59 In addition, the solubility and dissolution kinetics of
metals can be enhanced by coordination chemistry making
metals more bioavailable and potentially more toxic.23 While
oxidative potential and reactive oxygen species production are
linked with adverse health outcomes,60–64 to the authors'
knowledge, there are no other published studies that have
investigated the inuence of coordination chemistry on particle
toxicity, a research area that requires investigation.
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