
Studio della frazione solubile del particolato atmosferico: 

composizione e speciazione del PM10 artico 

M. Marafante, S. Bertinetti, L. Carena, D. Fabbri, M. Malandrino, D. Vione, S. Berto

matteo.marafante@unito.it



Studio della frazione solubile del particolato atmosferico: 

composizione e speciazione del PM10 artico composizione

Mn
25

Na
11Fe
26 Mg

12

Al
13

Cu
29

Oxalate2-

Formate-

SO4
2-

PO4
3-

Cl-

NO3
-

NO2
-

Acetate-
Malonate2-

F- Br-

Ca
20

K
19Zn

30

NH4
+

1



Studio della frazione solubile del particolato atmosferico: 

composizione e speciazione del PM10 artico 

Mn
25

composizione

Na
11Fe
26 Mg

12

Al
13

Cu
29

Oxalate2-

Formate-

SO4
2-

PO4
3-

Cl-

NO3
-

NO2
-

Acetate-
Malonate2-

F- Br-

Ca
20

K
19Zn

30

NH4
+

Speciation
The distribution of an element amongst 
defined chemical species in a system

speciazione

1



Studio della frazione solubile del particolato atmosferico: 

composizione e speciazione del PM10 artico 

Mn
25

Na
11Fe
26 Mg

12

Al
13

Cu
29Ca

20

K
19Zn

30

NH4
+

Speciation
The distribution of an element amongst 
defined chemical species in a system

speciazione

Fe
26

Oxalate2-

Formate-

SO4
2-

PO4
3-

Cl-

NO3
-

NO2
-

Acetate-
Malonate2-

F- Br-

1



Oxalate2-

Speciation
The distribution of an element amongst 
defined chemical species in a system

Studio della frazione solubile del particolato atmosferico: 

composizione e speciazione del PM10 artico 

Mn
25

Na
11Fe
26 Mg

12

Al
13

Cu
29Ca

20

K
19Zn

30

frazione solubile 

1

Formate-

SO4
2-

PO4
3-

Cl-

NO3
-

NO2
-

Acetate-
Malonate2-

F- Br-

NH4
+

Fe
26



Oxalate2-

Formate-

SO4
2-

PO4
3-

Cl-

NO3
-

NO2
-

Acetate-
Malonate2-

F- Br-

Speciation
The distribution of an element amongst 
defined chemical species in a system

Studio della frazione solubile del particolato atmosferico: 

composizione e speciazione del PM10 artico 

Mn
25

Na
11Fe
26 Mg

12

Al
13

Cu
29Ca

20

K
19Zn

30

NH4
+

frazione solubile 

1



Particle

ALWC

1. Solubilization
2. Hydrolysis

6. Complexation MLX

3. Precipitation

4. Air-Liquid exchange

Mn+ + 6H2O	⇄ [M(H2O)6]n+
[M(H2O)6]n+ + OH- ⇄

       ⇄ [M(H2O)5(OH)](n-1)+ + H2O 

X (g) ⇄ X 
(aq) 

Mn+ + pL1 ⇄ [M(L1)p]n+

Mn+ + pL2 ⇄ [M(L2)p]n+

Mn+ + pL1 + qL2 ⇄ [M(L1)p(L2)q]n+

5. Reactions
X ⇉ Y

[M(OH)](n-1)+ (aq) ⇄
       ⇄ [M(OH)](n-1)+ (s)

Free metal
Hydrolitic species
Ligand 1(L1)
Ligand 2(L2)
Complex MLx

Gas
Solid

Legend
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Svalbard
Island

75 km
N

Ny-Ålesund

NPrevalent wind 
direction

115° N

375 m

Gruvebadet

Gruvebadet

29 PM10 samples were collected during 2012 on 90 mm PTFE filters 

Tecora ECHO PM 
High volume aerosol sampler
Sampling time ∼ 4 days
Sampling flux  ∼ 200 l min-1

Average sampling volume =  1050 m3

21/04/2012 ⟶	8/09/2012
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Extraction procedure

½ Filtro
PTFE

CEN/TR16269:2011 Protocol

Polypropylene Tools

Clean Room
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ICP-OES
Agilent 5110

SF-ICP-MS
Thermo Fisher Element 2

IC
Dionex DX 500

IC
Dionex DX 500

pH-meter
Methrom 

713
pH
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187 species

Na+, K+, NH4
+, Ca2+, Mg2+, Mn2+, Cu2+, Zn2+, 

Fe3+, Al3+, Cl-, NO2
-, NO3

-, SO4
2-, PO4

3-, 
formate, acetate, malonate, oxalate 

Different type of thermodynamic equilibrium have been considered

qLz- + rH+ D [HrLq] r-qz 𝛽!" =
[HrLq r−qz]
Lz− # H+ $

β

protonation equilibria

hydrolitic species formation pMn+ + qH2O D [Mp(OH)q]np-q + qH+

𝛽%"! =
[MpLqHr

np+r−qz]
Mn+ & Lz− # H+ $

pMn+ + qLz- + rH+ D [MpLqHr]np+r-qz 

𝛽%'! =
[Mp(OH)qnp−q] H+ $

Mn+ &

complexes formation

[Mp(OH)q] np-q
(s) D pMn+ + qOH- 𝐾() = Mn+ & OH− #solids formation

Castellino et al., 202319 components
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For- + H+ D HFor

Fe3+ + 2H2O D [Fe(OH)2]+ + 2H+

Cu2+ + Cl- D [CuCl]+

[Al(OH)3](s) D Al3+ + 3OH-
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Critically Selected Stability
Constants of Metal Complexes Database

Critically Stability Constants
SC-Database

𝜷𝑯𝑳 𝜷𝑴𝑳𝑯
𝜷𝑴𝑶𝑯
𝑲𝒑𝒔

βn⟶	Overall formation constant

𝑙𝑜𝑔𝐾01 𝐼 = 𝑙𝑜𝑔𝐾01 𝐼2 − 𝑧∗𝐴
𝐼

1 + 𝐵 𝐼
−

𝐼2

1 + 𝐵 𝐼2
+ 𝐶 𝐼 − 𝐼2 + 𝐷 𝐼 ⁄5 6 − 𝐼2 ⁄5 6

Extended Debye Huckel Equation 

𝑙𝑜𝑔𝐾01 𝐼2 ⟶ 𝑙𝑜𝑔𝐾01 𝐼

T = 25 °C; I = 0 mol L-1

Average Ionic 
strength of sample 
< 1 mmol L-1
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[Al(OH)3](s)

[Al(OH)4]-

[Al(Ox)2]-

[Al(Ox)]+

[Al]3+

[Al(SO4)]+
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free metal (acquoions): Na+, K+, Mg2+, 
Cu2+, Mn2+, Zn2+

hydrolitic: [Fe(OH)2]+, Fe(OH)3(s), 
Al(OH)3(s)
oxalate: [FeOX]+, [Fe(OX)2]-, [AlOx]+, 
[Al(Ox)2]-, [CuOx]
phosphate: [Fe(HPO4)]+,[Al(HPO4)]+

Al
13

Fe
26

Cu
29

Mn
25

Zn
30

Major species  (pH 4 - 6)
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[Fe(OH)3](s)

[Fe(OH)2]+

[FeOx]+

[Fe(HPO4)]+

Al3+

[Al(Ox)2]-

[Al(Ox)3]3-

[Al(HPO4)]+

[Al(SO4)]+

[Al(OH4)]-
[Al(OH3)](s)

[CuOH]+

[CuOx]

Cu2+

[Cu(OH)2](s)

Mn2+
Zn2+

[Zn(OH)2]
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10/08/2023

25/04/2023

Spring

Summer

The atmospheric composition over the Arctic region
changes significantly over the year, due to strong
variability in the environmental conditions (atmospheric
stability, temperature, sunlight irradiation) among the
seasons. Moreover, some sources shown activity only
during some period (e.g., biotic emission) or change
drastically with season (e.g., anthropic emission).
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Δ = Spring samples Speciation – Summer sample Speciation 

Greater in 
Spring

Greater in 
Summer

Δ Δ Δ

Sulfate, oxalate
precipitation of Al(OH)3, 

Cu(OH)2, and Fe(OH)3

Spring Summer

hydrolytic forms,
free metals, HPO4

2-

Al
13

Fe
26

Cu
29

12

Seasonality

[Al(OH4)]-

[Al(OH3)](s)

Al3+

[Al(Ox)2] -

[Al(SO4)]+

[Al(HPO4)]+

[CuOH]+

[CuOx]

Cu2+

[Cu(OH)2](s) [Fe(OH)3](s)

[Fe(OH)2]+

[FeOx]+

[Fe(HPO4)]+



Are the 15 mL of water 
used for the solubilization 
a «realistic» volume??

Considering 1050 m3 of air 
collected for each samples, they 
correspond about 14 mg⋅m3 

of Aerosol Liquid Water Content 
(ALWC)

ISORROPIA II

NH4
+ Cl-

Na+ T SO4
2- RU%Ca2+

NH4
+ NO3

-Mg2+K+

ISORROPIA II

ISORROPIA II

ALWC

13Fountoukis, C., Nenes, A., 2007. ISORROPIAII: A computationally efficient thermodynamic equilibrium model for K+-Ca2+-Mg2+-NH4+-Na+-SO42--NO3--Cl--H2O aerosols. Atmos. Chem. Phys. 7, 4639–4659. https://doi.org/10.5194/acp-7-4639-2007
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Components concentrations
x104

pH < 4
Average I = 1.9 mol⋅L-1

Na+, K+ and Mg2+

increment of the interaction with Cl- and SO4
2-

Ca2+

occurs as the solid CaSO4 over the entire pH range;
Al3+, Cu2+, and Fe3+

increment in the interaction with the oxalate;
Fe-oxalate

complexes compete with Fe(OH)3(s) at pH 5-6

[Fe(Ox)3]3-

[Fe(Ox)2]-

Fe(OH)3(s)
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Diluition correction



The concentration of the investigated metals reflects their origin: those associated with the marine 
source (Na, K, Mg, and Ca) reach higher concentrations. The other components, associated with 
crustal and anthropogenic sources, often have lower concentrations but show seasonal variability

The speciation models suggest an important role of oxalate as ligand for stabilizing 
Al3+, Fe3+, and Cu2+ in solution, especially in high concentrate solutions

The higher metals’ concentration in the spring samples promotes the formation of 
species with sulfate and oxalate and the precipitation of hydrolytic species, while 

soluble hydrolytic species are enhanced in summer

preliminary results that are useful to define the main species that could be formed in solution

Al
13Fe

26

Cu
29
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Abstract
The chemical composition of the soluble fraction of atmospheric particulate matter (PM) and how these components can 
combine with each other to form different species affect the chemistry of the aqueous phase dispersed in the atmosphere: 
raindrops, clouds, fog, and ice particles. The study was focused on the analysis of the soluble fraction of Arctic  PM10 sam-
ples collected at Ny-Ålesund (Svalbard Islands, Norwegian Arctic) during the year 2012. The concentration values of  Na+, 
 K+,  NH4

+,  Ca2+,  Mg2+,  Mn2+,  Cu2+,  Zn2+,  Fe3+,  Al3+,  Cl−,  NO2
−,  NO3

−,  SO4
2−,  PO4

3−, formate, acetate, malonate, and 
oxalate in the water-soluble fraction of  PM10 were determined by atomic spectroscopy and ion chromatography. Speciation 
models were applied to define the major species that would occur in aqueous solution as a function of pH (2–10). The model 
highlights that (i) the main cations such as  Na+,  K+,  Mg2+, and  Ca2+ occur in the form of aquoions in the whole investigated 
pH range; (ii)  Cu2+,  Zn2+, and, in particular,  Fe3+ and  Al3+ are mostly present in their hydrolytic forms; and (iii)  Al3+,  Fe3+, 
and  Cu2+ form solid hydrolytic species that precipitate at pH values slightly higher than neutrality. These latter metals show 
interesting interactions with oxalate and sulfate ions, too. The speciation models were also calculated considering the seasonal 
variability of the concentration of the components and at higher concentration levels than those found in water PM extracts, 
to better simulate concentrations actually found in the atmospheric aqueous phase. The results highlight the role of oxalate 
as the main organic ligand in solution.

Keywords Polar aerosol · Water-soluble fraction · Oxalate speciation · Iron speciation · Chemometric data treatment

Introduction

Among the many constituents of the atmosphere, particulate 
matter (PM) is attracting the attention of the scientific com-
munity due to the various roles it plays in the air. PM impacts 
the surface energy budget [1, 2] and interacts with the coexist-
ing gaseous and liquid phases. PM is present ubiquitously on 
Earth, from the big cities where it is principally produced by 
anthropic activity to the desert due to dust resuspension in air, 
passing through the inaccessible tropical forests or over the 
oceans [3]. From the isotopic study of Pb trapped in Greenland 
ice cores, it was reported the transport of PM from southern 

Europe already in antiquity [4]. Thanks to its geographic posi-
tion, surrounded by many continents, the Arctic receives a 
great amount of PM from lower latitudes due to transport by 
the air masses: mineral dust, anthropogenic related substances, 
black carbon, and biogenic aerosol. It is suggested that min-
eral dust plays a major role in the faster temperature increase 
in the Arctic regions compared to lower latitudes, a phenom-
enon known as Arctic Amplification [2, 5]. On the other hand, 
mineral dust is often recognized as one of the main sources 
of some essential elements for remote ecosystems [6, 7]. For 
instance, the input of atmospheric Fe is very important for 
supporting the biological activity in the Arctic Ocean, which 
promotes  CO2 sequestration from the atmosphere to the ocean 
waters [8]. To better understand the biogeochemical cycles 
of the elements, it is important to evaluate their distribution 
between solid phase and solution and to figure out which 
are the main species that can be formed. For instance, some 
metals such as Fe, Cu, and Mn can take part in redox reac-
tions/photoreactions that are influenced by dissolved species; 
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