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Abstract 11 

Metals in atmospheric aerosols play potentially an important role in human health and ocean 12 

primary productivity. However, the lack of knowledge about solubility and speciation of metal ions 13 

in the particles or after solubilisation in aqueous media (sea or surface waters, cloud or rain 14 

droplets, biological fluids) limits our understanding of the underlying physico-chemical processes. 15 

In this work, a wide range of metals, their soluble fractions, and inorganic/organic compounds 16 

contained in urban particulate matter (PM) from Padua (Italy) were determined. Metal solubility 17 

tests have been performed by dissolving the PM in water and in solutions simulating rain droplet 18 

composition. The water-soluble fractions of the metal ions and of the organic compounds having 19 

ligand properties have been subjected to a multivariate statistical procedure, in order to elucidate 20 

associations among the aqueous concentrations of these PM components in simulated rain droplets. 21 

In parallel, a multi-dimensional speciation calculation has been performed to identify the 22 

stoichiometry and the amount of metal-ligand complexes theoretically expected in aqueous 23 

solutions. Both approaches showed that the solubility and the aqueous speciation of metal ions were 24 

differently affected by the presence of inorganic and organic ligands in the PM. The solubility of 25 

Al, Cr, and Fe was strongly correlated to the concentrations of oxalic acid, as their oxalate 26 

complexes represented the expected dominant species in aqueous solutions. Oxalates of Al 27 

represented ~98% of soluble Al, while oxalates of Cu represented 34-75% of the soluble Cu, and 28 

oxalates of Fe represented 76% of soluble Fe. The oxidation state of Fe can strongly impact the 29 

speciation picture. If Fe is present as Fe(II) rather than Fe(III), the amount of Cr and Cu complexed 30 

with diacids can increase from 75% to 94%, and from 32% to 53%, respectively. For other metals, 31 

the solubility depended on the formation of soluble aquo-complexes, hence with a scarce effect of 32 

the organic ligands. An iron-oxalate complex was also directly detected in aerosol sample extracts. 33 

 34 
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1. Introduction 37 

Despite air quality policies established worldwide, the progress in reducing airborne 38 

particulate matter (PM) has been slow in recent years and PM still remains one of the major 39 

polluting agents in the urban atmosphere, posing a substantial burden for public health (Harrison et 40 

al., 2010; Lelieveld et al., 2019; Raaschou-Nielsen et al., 2013; Shiraiwa et al., 2017). According to 41 

WHO about 90% of the world’s population live in areas with unhealthy air, leading to increased 42 

mortality and morbidity (WHO, 2016). Air pollution contributes to total mortality more than 43 

malaria and HIV combined on a global scale (Lelieveld et al., 2015) and represents the largest 44 

environmental risk factor behind premature deaths (Burnett et al., 2018).  45 

The majority of epidemiological studies have used particulate mass (PM10 or PM2.5) as the 46 

metric of choice, largely because of the availability of monitoring data. However, this approach is 47 

considered incomplete and can lead to an underestimation of PM risk (Harrison et al., 2010). 48 

Despite toxicological studies have shown that chemical composition may play an important role in 49 

PM2.5 -induced toxicity (Perrone et al., 2010), the chemical species responsible for PM toxicological 50 

properties remain a subject of investigation (Decesari et al., 2017). The adverse health effects of 51 

PM2.5 can be ascribed to polycyclic aromatic hydrocarbons (PAHs) and their nitrated or oxygenated 52 

(e.g. quinones) derivatives (Giorio et al., 2019a), the primary biogenic fraction, such as pathogenic 53 

bacteria and bacterial endotoxins (Franzetti et al., 2011; Topinka et al., 2011), and water soluble PM 54 

fractions such as water soluble organic (WSOC) and inorganic compounds, and metal ions like Zn, 55 

Pb and Ni (Birmili et al., 2006; Chen and Lippmann, 2009; Oberdörster et al., 2005; Zhang et al., 56 

2015). The toxic effects caused by Al, Fe and Cu can be also important, as these ions represent the 57 

major metal components in PM arising from different sources (Deguillaume et al., 2005).  58 

The bioavailability, rather that the total concentration, of pollutants released by PM in water, 59 

as it occurs on the lung surface after inhalation, is expected to correlate with the observed toxic 60 

effects. In turn, the bioavailability of each compound strongly depends on its chemical speciation, 61 

i.e. on the chemical form by which it is dissolved in solution. As many WSOC and inorganic 62 

compounds have coordinating properties towards metal ions, bioavailability depends on the 63 

stoichiometry and stability constants of the complexes formed in solution between the metal ions 64 

and the ligands contained in PM, after PM enters into contact with water (Giorio et al., 2017; 65 

Scheinhardt et al., 2013; Wei et al., 2019). Therefore, a more complete risk assessment of PM 66 

requires not only the knowledge of the total concentration of all compounds contained in PM, but 67 

also of the stoichiometry of the metal-ligand complexes formed, and of their concentration. This 68 

"speciation" approach has been introduced in a fundamental review by Okochi and Brimblecombe, 69 

(2002). However, detailed investigations on this topic are scarce. The majority of the studies relate 70 
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the speciation of the PM metal ions with ligands already present in the environment (marine 71 

environment or surface waters), whereas only very few studies consider ligands present in the 72 

aerosol particles themselves (DePalma et al., 2011; Elzinga et al., 2011; Jickells et al., 2005; Paris et 73 

al., 2011; Paris and Desboeufs, 2013; Schroth et al., 2009; Wang et al., 2007). A study from 74 

Scheinhardt et al. (2013) suggested that metal-ligand interactions may be an important phenomenon 75 

in deliquescent aerosol in the urban atmosphere. As the particles travel deeper into the respiratory 76 

system, consisting of wet walled respiratory tracts, they encounter increasing humidity: ~40% in the 77 

mouth, ~60% in the pharynx, to finally approaching near water saturation ~99.5% in the deep 78 

airways. Hygroscopic particles moving from a region of low ambient humidity into one of high 79 

humidity would be expected to increase in size due to water uptake and this will favour 80 

coordination chemistry (Tong et al., 2014). 81 

The northern Italian Po Valley, a semi-closed basin surrounded by complex orography, 82 

represents a natural laboratory for studying aqueous phase processing of aerosol. It is one of the 83 

major European air pollution hotspots and environmental conditions favour fog events during the 84 

winter. In this work, an urban PM (Padua, Italy) was subjected to a chemical characterization in 85 

order to identify and quantify the most relevant metal ions and inorganic/organic compounds. Metal 86 

content has been determined by inductively coupled plasma mass spectrometry (ICP-MS), whereas 87 

organic/inorganic ligands have been measured by ion chromatography (IC). Metal solubility tests 88 

have been performed by dissolving the PM in water and in solutions simulating fog/rain 89 

composition. The water-soluble fractions of the metal ions and of the inorganic/organic compounds 90 

having ligand properties have been subjected to a multivariate statistical procedure. In parallel, a 91 

multi-dimensional speciation calculation has been performed to evaluate the stoichiometry and the 92 

concentrations of metal-ligand complexes expected in aqueous solutions. For those complexes 93 

expected at higher concentrations their detection was also attempted by nano electrospray ionisation 94 

high-resolution mass spectrometry (nanoESI-HRMS) investigations. 95 

 96 

2. Experimental 97 

2.1. Chemicals and standard solutions 98 

All reagents were of analytical grade and were used as purchased: 69 % HNO3 (PROLABO, 99 

Milan, Italy), multi-element standard solution IV-ICPMS-71A (10 mg L-1) ICP-MS calibration 100 

standard (Inorganic Ventures, Christiansburg, VA 24073 USA). All solutions were prepared in 101 

ultrapure water obtained with a Millipore Plus System (Milan, Italy, resistivity 18.2 Ω cm-1).  102 
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Primary standards for IC analysis were of analytical grade and purchased from Sigma-103 

Aldrich®. Methanol (Optima™ LC/MS, Fisher Chemical) was used for washing and sample 104 

extraction for nanoESI-HRMS analysis. 105 

2.2. Aerosol sampling 106 

Teflon filters (PALL, fiberfilm, Ø 47 mm) were pre-washed with large amounts (~250 mL for 107 

all filters used) of ultrapure water for three times under ultrasonic agitation for 15 mins, changing 108 

water each time. Quartz fibre filters (Millipore, AQFA, Ø 47 mm) were decontaminated by baking 109 

them at 600 °C for 24 h. 110 

PM2.5 samples were collected (sampling time 24 h, from 00.00 to 24.00) at the sampling site 111 

located at the 6th floor of the Department of Chemical Sciences of the University of Padova (Italy), 112 

using a Zambelli Explorer Plus PM sampler, fitted with a PM2.5 certified selector (CEN standard 113 

method UNI-EN 14907), and working at a constant flow rate of 2.3 m3 h-1 (Giorio et al., 2013) from 114 

the 5th December 2013 to the 1st April 2014, alternating Teflon and quartz filters (see Table S1 in 115 

the supplementary material for details). 116 

Weighing of the filters was done for Teflon filters only, before and after sampling, after 117 

conditioning at a temperature of 20 ± 1 °C and relative humidity of 50 ± 5% for at least 48 h, as in 118 

previous studies (Giorio et al., 2013, 2019b). Filter samples were then stored at -20°C until analysis. 119 

2.3. Sample Preparation 120 

Teflon filters were manually cut into three parts (two parts of ¼ and one part of ½) by a 121 

stainless-steel cutter. The use of a stainless-steel cutter did not cause contaminations for the metal 122 

determination, as checked by analysis of procedural blanks. For each sample, ¼ filter was treated 123 

with 2 mL of 69% nitric acid using a CEM Discover SP-D (CEM Corp., Matthews, NC, USA) 124 

microwave digester at 400 psi and 300 W, with a temperature ramp from 20 °C to 200 °C in 4 min, 125 

and maintained at the final conditions for 2 min. The solution was diluted to 3.45 % w/w nitric acid 126 

before analysis by ICP-MS. Another ¼ filter was extracted in 5 mL of a pH 4.5 water solution of 127 

H2SO4 at 20°C, simulating fog/rainwater (Beiderwieden et al., 2005; Nieberding et al., 2018; Rodhe 128 

et al., 2002; Walna, 2015; Wang et al., 2012), for 24h without stirring. After that, 4 mL of solution 129 

were taken and concentrated HNO3 (69%) was added to obtain a concentration of 3.45 % (w/w) 130 

HNO3 for ICP-MS analysis. Another ½ filter was extracted in 5 mL of ultrapure water at 20°C for 131 

24h without stirring. After that, 2 mL were taken and filtered with 0.45 µm syringe filters (Millex®-132 

HV, PVDF, Ø 4 mm) before IC analysis. The other 3 mL were taken, and concentrated HNO3 was 133 

added to obtain a concentration of 3.45 % (w/w) HNO3 for ICP-MS analysis. 134 

Quartz fibre filters were extracted according to the procedure already described elsewhere 135 

(Kourtchev et al., 2014) before analysis with nanoESI-HRMS. For each filter sample, the outer ring 136 
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of the filter, which had been in contact with the filter holder during sample collection, was removed 137 

to prevent contamination and a portion of the filter (the whole filter in the case of blanks and ¼ in 138 

all other cases) was cut into small (ca. 25-100 mm2) pieces and placed in a glass vial. The pieces of 139 

quartz filter were then covered with 5 mL of methanol and extracted by ultrasonic agitation for 30 140 

minutes in slurry ice. The resulting methanol extracts were then transferred to a new pre-cleaned 141 

vial and concentrated via evaporation under a gentle stream of nitrogen (BOC, Guildford, UK) to 142 

ca. 2 mL on a hotplate (SD160, Stuart, Stone, UK), which was kept at 35ºC. The concentrated 143 

extracts were filtered through two syringe PTFE filters (ISO-Disc™, Supelco, with pore sizes of 144 

0.45 µm and 0.22 µm). The filtered extracts were then concentrated further, by evaporation under a 145 

gentle stream of nitrogen, to ca. 0.1 mL and kept in a washed glass vial at -20º in darkness until 146 

analysis. 147 

For each analysis type, procedural blanks (unexposed filters) were also obtained and 148 

analysed. 149 

 150 

2.4. Instrumental Analysis 151 

2.4.1. Analysis of metals with ICP-MS 152 

All elements were determined by using an ICP-MS (Agilent 7700x, Agilent Technologies, 153 

Santa Clara, CA, USA). The operating conditions and data acquisition parameters are reported in 154 

previous studies (Badocco et al., 2014; Giorio et al., 2019b). The ICP-MS was tuned daily using a 155 

1 µg L-1 tuning solution containing 140Ce, 59Co, 7Li, 205Tl and 89Y (Agilent Technologies, UK). The 156 

ratio 156/140 representing CeO/Ce is tuned to approximately 1% or less. The ratio 70/140 157 

representing Ce2+/Ce is maintained below 3%. A 50 µg L-1 solution of 45Sc and 115In (Aristar®, 158 

BDH, UK) prepared in 3.45 % (w/w) nitric acid was used as an internal standard through addition 159 

to the sample solution via a T-junction. 160 

Multielement standard solutions were prepared in 3.45 % w/w HNO3. The calibration 161 

solutions were prepared by gravimetric serial dilution from multi-element standard solutions in the 162 

range between 1 ng L-1 and 1 mg L-1. The detection limit of each element was determined using five 163 

concentration levels replicated nine times. Blank samples of ultrapure water and reagents were also 164 

prepared using the same procedures adopted for the samples. 165 

2.4.2. Analysis of soluble inorganic anions and short-chain organic acids 166 

Instrumental analysis was performed by injecting 20 µL of water extracts in a Dionex IC 167 

system equipped with an a GP50 Gradient Pump, an EG40 eluent generation system fitted with a 168 

Dionex EGC III KOH RFIC™ eluent generator cartridge, a LC25 oven, and an ED40 169 

Electrochemical Detector (in conductometric detection mode), and fitted with a Dionex IonPac 170 
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AG11-HC (2 x 50 mm) guard column, a Dionex IonPac AS11-HC (2 x 250 mm) chromatographic 171 

column, and a Dionex AERS 500 (2 mm) self-regenerating suppressor (suppression current 172 

100 mA). Chromatographic separation was achieved at room temperature (~20 °C), with a flow rate 173 

of 300 µL/min, and elution gradient: 0–3 min 3 mM KOH, 3-5 min linear gradient from 3 mM to 174 

10 mM KOH, 5-12 min linear gradient from 10 mM to 20 mM KOH, 12-20 min 20 mM KOH, 175 

20-24 min linear gradient from 20 mM to 40 mM KOH and 24-35 min 40 mM KOH. Equilibration 176 

time at the beginning of each chromatographic run was 7 min. 177 

External calibration was performed daily with standard solutions in the range 0.1–50 mg/L of 178 

each analyte in ultrapure water prepared from suitable primary standards purchased from Sigma-179 

Aldrich®. 180 

2.4.3. nanoESI-HRMS analysis 181 

Samples were analysed using a high-resolution LTQ-Orbitrap mass spectrometer (Thermo 182 

Scientific™, Bremen, Germany), with a mass resolving power of 100,000 at m/z 400 and a typical 183 

mass accuracy within ±2 ppm, equipped with a chip-based nanoESI source (Triversa NanoMate 184 

Advion, Ithaca, NY, USA) operating in both positive and negative ionisation mode.  185 

Samples were sprayed at a gas (N2) pressure of 0.90 psi, ionisation voltage of −1.4 kV in 186 

negative ionisation mode and gas pressure of 0.30 psi, ionisation voltage of 1.8 kV in positive 187 

ionisation mode, and with a transfer capillary temperature of 210 °C as used in previous studies 188 

(Giorio et al., 2015, 2019a; Kourtchev et al., 2014). 189 

For each sample, data were acquired in full scan in the m/z ranges 100−650 and 150−900 for 1 190 

minute each in both positive and negative ionisation modes. The mass spectrometer was calibrated 191 

routinely using a Pierce LTQ Velos ESI Positive Ion Calibration Solution and a Pierce ESI 192 

Negative Ion Calibration Solution (Thermo Fisher).  193 

The averaged spectra for each sample and each scan range were then exported as a binary list 194 

of m/z values and peak intensities using the proprietary software Xcalibur™ 2.1 (Thermo 195 

Scientific™, Bremen, Germany). Exported data were processed using a code written in-house to 196 

isolate signals attributable to metal-ligand complexes of interest based on their exact mass and 197 

isotopic pattern and taking into account also the possibility to form adducts with the most common 198 

anions and cations present as impurities in the solvents. 199 

 200 

2.5. Statistical analysis 201 

Limits of detection (LODs) of both IC and ICP-MS measurements were evaluated using a 202 

two-component variance regression using the ordinary least squares (OLS) regression as detailed in 203 

previous studies (Badocco et al., 2015a, 2015b). 204 
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Data have been statistically analysed through F-test, Tukey's test, analysis of variance 205 

(ANOVA), and principal component analysis (PCA) using the software Statistica 7 (StatSoft Inc., 206 

Tulsa, OK). A 95% significance level was considered for all statistical tests. 207 

 208 

2.6. Speciation calculations 209 

 The concentration of each metal-ligand complex was calculated at the given pH value by 210 

means of the software PITMAP (Di Marco, 1998). Briefly, mass balance equations are solved, i.e. 211 

species concentration at equilibrium are obtained, by means of the Newton–Raphson method (Press 212 

et al., 2007). The metal ions and ligands, and their concentrations were chosen on the basis of the 213 

analytical results obtained in the previous sections. The input thermodynamic data (stoichiometry 214 

and stability constant of the complexes, including metal-aquo-complexes) have been obtained from 215 

the literature (ScQuery v.5.84, 2005). All metal ions and ligands were considered to be 216 

simultaneously present in solution, in order to obtain a speciation picture which includes all 217 

competitive components in solution. 218 

 219 

3. Results and discussion 220 

3.1. PM2.5 composition 221 

Atmospheric conditions during the sampling campaign were characterised by low 222 

temperatures, close to 0°C during the first part of the campaign and reaching a maximum 223 

temperature of 14°C toward the end of the campaign, high relative humidity (RH), often above 224 

90%, and high aerosol loading with PM2.5 concentrations ranging between 12 and 113 µg m-3 225 

(Figure 1, Table S1 and Table S2). Such conditions favour aqueous phase processing of aerosol 226 

particles and fog events which create a suitable environment for coordination chemistry to occur. 227 

PM2.5 concentrations were in the range of those observed in other northern Italian cities, such as 228 

Bologna in which average PM2.5 values were in the range 31-59 µg m-3 in the years 2011-2013 229 

(Pietrogrande et al., 2014), and Milan in which average PM2.5 concentrations in the winter were 60 230 

µg m-3 in the years 2006-2009 (Perrone et al., 2012). The results of the ion chromatography analysis 231 

(Figure 1, Table 1 and Table S3) show that nitrate and sulfate are the main contributing species in 232 

our samples, as expected (Giorio et al., 2013, 2017).  233 

 234 
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3.1.1. Organic acids 235 

Short-chain dicarboxylic acids, i.e. oxalate, succinate, and malonate, represent abundant 236 

components in our samples. These compounds have the ability to act as ligands for metal ions 237 

present in PM2.5 and therefore could affect their solubility. They can be produced by atmospheric 238 

oxidation of a wide range of volatile and non-volatile organic compounds of both natural and 239 

anthropic origin through gas and condensed phase reactivity (Kawamura and Bikkina, 2016; Sareen 240 

et al., 2016). As expected for a continental aerosol, oxalate is the diacid present with the highest 241 

concentration in our samples. The median concentrations of dicarboxylic acids (Table 1) in this 242 

sampling campaign were 217 ng m-3 for oxalate, 19 ng m-3 for malonate, and 57 ng m-3 for 243 

succinate. These values are in line with those found in Bologna, Italy, another city in the Po Valley, 244 

in which average concentrations of malonate were in the range 21.7-29.7 ng m-3 and concentrations 245 

of succinate were in the range 26.8-112.1 ng m-3 in the years 2011-2013 (Pietrogrande et al., 2014). 246 

The concentration levels were not far also from those found in Hong Kong in the years 2000, where 247 

average values were around 360 ng m-3, 20 ng m-3, and 60 ng m-3 for oxalate, malonate and 248 

succinate, respectively (Yao et al., 2004), and 2003 when concentration values ranged between 179-249 

2372 ng m-3, 38-324 ng m-3, and 35-297 ng m-3 for oxalate, malonate and succinate, respectively (Li 250 

and Yu, 2005).  251 

The ratio of malonic to succinic acid <1 for the majority of the campaign indicates a rather 252 

freshly emitted organic aerosol from vehicular traffic rather than photochemically aged (Yao et al., 253 

2004). Succinate may be formed also by oxidation of unsaturated fatty acids emitted with sea spray 254 

(Kerminen et al., 2000) and the presence of methanesulfonic acid (MSA) in our samples suggests 255 

that atmospheric transport is taking marine biogenic emissions to our inland urban location (Yao et 256 

al., 2004). Therefore, a marine contribution to succinate cannot be ruled out and the organic aerosol 257 

may be more photochemically aged than predicted from the malonic to succinic acid ratio. A 258 

median ratio of acetic to formic acid of about 0.5 indicates a secondary origin of carboxylic acids 259 

rather than from primary emissions (Grosjean, 1992; Mkoma et al., 2012). 260 

Concerning monocarboxylic acids, median concentrations in our samples were 9.8 and 17.0 261 

ng m-3 for acetate and formate, respectively, higher than 5.4 and 0.71 ng m-3 found in Morogoro, 262 

Tanzania (Mkoma et al., 2012). Formate concentrations were lower than those found in the US in 263 

Los Angeles (49 ng m-3) and Atlanta (39 ng m-3) in the summer of 2010 (Liu et al., 2012). Both 264 

formate and acetate concentrations were lower than those found in urban and rural PM2.5 in Spring 265 

2007 in Londrina, Brazil (Freitas et al., 2012). 266 

 267 
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 268 
Figure 1. Meteorological conditions (a), PM2.5 concentrations (from both the present study and the Regional 269 
Environmental Agency, ARPAV), nitrate and sulphate concentrations (b), dicarboxylic acids and nitrite 270 
concentrations (c), and other anion concentrations (d) in PM2.5 during the sampling campaign from the 5th 271 
December 2013 to the 1st April 2014. Lat- = lactate, Ac- = acetate, For- = formate, MSA- = methanesulfonate, Su2- 272 
= succinate, Ma2- = malonate, Ox2- = oxalate. 273 

 274 

Table 1. Median, maximum, 75th percentile, 25th percentile and minimum concentrations (ng m-3) of the 275 
inorganic and organic anions (ordered according to their retention times) determined in PM2.5 in the winter 276 
campaign (5th December 2013 to 1st April 2014, N=20). Lat- = lactate, Ac- = acetate, For- = formate, MSA- = 277 
methanesulfonate, Su2- = succinate, Ma2- = malonate, Ox2- = oxalate. Measurement uncertainties are between 2-278 
4%. 279 
 Lat - Ac- For- MSA- Cl- NO2

- NO3
- Su2- Ma2- SO4

2- Ox2- PO4
3- 

Median <LOD 9.8 17.0 17.0 23.9 7.2 6232.1 57.0 18.8 2765.9 216.9 8.8 

Max 62.5 83.1 67.5 80.9 806.2 413.3 43207.3 337.7 83.6 9034.5 864.2 33.8 

75th perc. 2.5 34.2 29.6 45.5 117.2 14.2 15007.0 135.1 33.0 4258.7 350.7 17.9 

25th perc. <LOD 4.3 9.3 11.1 2.8 3.01 2926.4 17.8 17.0 1727.3 143.3 <LOD 

Min <LOD <LOD <LOD 5.0 <LOD <LOD 878.1 <LOD 16.3 258.7 27.7 <LOD 

 280 

3.1.2. Metals 281 

Table 2 shows the total concentration of each metal (MT) determined in PM2.5, as median of 282 

20 samples, together with the median soluble fractions in water (MH) and in water at a pH of 4.5 283 

(MA) simulating fog/rainwater. Data for each individual sample are reported in Tables S4-S9. The 284 

elements present at the highest concentrations in our samples are Na, K, Fe, Zn, Mg, Ca and Al. The 285 

soluble fractions, however, do not follow the same trend likely because the solubilisation is 286 

influenced by their speciation in the PM matrix itself, e.g. compound of origin and oxidation state 287 
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of the metal, and in solution. In general, the soluble fraction is larger at pH 4.5, simulating a fog or 288 

rainwater, rather than at autogenic pH (measured pH ranged between 4.5 and 5.6, median value 289 

5.0). Autogenic pH for some samples was close to, or equal to, a value of 4.5 and therefore the 290 

soluble fractions MH and MA were the same within uncertainty. 291 

 292 

Table 2. Limits of detection (LODs), median concentrations (total amount, MT), percentage of solubilisation at 293 
autogenic pH (MH) and at an acidic pH of 4.5 (MA) of the elements present in PM2.5 samples collected from the 294 
5th December 2013 to the 1st April 2014. Measurement uncertainty is <5% (Badocco et al., 2015a). 295 
Element 
 

LOD 
(ng m-3) 

M T 
(ng m-3) 

M H 
(%) 

M A 
(%) 

Ag 0.27 <LOD 
  

Al 0.10 82 11 14 
As 0.0070 1.2 28 40 
B 0.35 570 1 1 
Ba 0.083 16 0 29 
Be 0.23 <LOD 

  
Ca 0.39 33 52 82 
Cd 0.0080 0.55 26 39 
Ce 0.011 0.12 4 7 
Co 0.0040 0.14 7 9 
Cr 0.0060 2.2 13 19 
Cs 0.010 <LOD 

  
Cu 0.0050 11 24 35 
Eu 0.0067 <LOD 

  
Fe 0.27 240 6 11 
Ga 0.012 3 0 24 
Gd 0.013 <LOD 

  
K 1.0 404 60 83 
La 0.0030 0.06 4 6 
Mg 1.1 47 11 54 
Mn 0.030 7.4 29 42 
Na 0.25 n.d.* n.d.* n.d.* 
Nd 0.0040 0.027 2 1 
Ni 0.16 <LOD 

  
P 2.8 8.9 33 59 
Pb 0.0060 12 6 12 
Pr 0.0010 <LOD 

  
Rb 0.0070 0.94 53 76 
Se 0.056 0.33 41 56 
Sm 0.0040 0.004 8 17 
Sr 0.0030 0.58 34 55 
Th 0.0075 <LOD 

  
Tl 0.0030 0.031 49 65 
U 0.013 <LOD 

  
V 0.011 1.03 41 61 
Zn 0.011 48 79 78 
*n.d.=not determined, due to contaminations of blank filters 296 

 297 

Concerning the total amounts of metals in PM2.5, the values found in the present study were 298 

around the same order of magnitude as in other urban locations in Europe. For example, Fe median 299 

concentration was 240 ng m-3 in this series of samples, which is slightly higher than 71.5-206.3 300 

ng m-3 found at five sites in the Netherlands (Mooibroek et al., 2011), within the range 54-457 301 
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ng m-3 found in three sites in Poland (Rogula-Kozłowska et al., 2014), and within the range 0.09-302 

1152 ng m-3 found in rural background sites across Europe (Fomba et al., 2015). Cu median 303 

concentration was 11 ng m-3 in this study, within the range 5-81 ng m-3 found across urban sites in 304 

Spain (Querol et al., 2008), slightly above the range 2.5-10.9 ng m-3 found at five sites in the 305 

Netherlands (Mooibroek et al., 2011), higher than the 2.8 ng m-3 in an urban site in Birmingham 306 

(UK) (Pant et al., 2017) and 0.08 ng m-3 in Naples (Italy) (Chianese et al., 2019), within the range 307 

0.10-58 ng m-3 found in rural background sites across Europe (Fomba et al., 2015). Zn median 308 

concentration was 48 ng m-3 in this study, not far from the concentrations 14-420 ng m-3 found 309 

across Spain (Querol et al., 2008), 90.5-99.5 ng m-3 at five sites in the Netherlands (Mooibroek et 310 

al., 2011), 14.1 ng m-3 in an urban site in Birmingham (Pant et al., 2017), 41.3-42.4 ng m-3 in 311 

Naples (Chianese et al., 2019) and 1.1-79.5 ng m-3 in rural background sites across Europe (Fomba 312 

et al., 2015). Ba and Cr median concentrations were 16 and 2.2 ng m-3, respectively in this study. 313 

These values are within the range 12-41 and 2-25 ng m-3 found across urban sites in Spain (Querol 314 

et al., 2008) for Ba and Cr, respectively, and 4.5-11 and 2.7-3.7 ng m-3 found at five sites in the 315 

Netherlands (Mooibroek et al., 2011) for Ba and Cr, respectively. Al median concentration of 82 316 

ng m-3 of this study is within the range 31-457 ng m-3 found in three sites in Poland (Rogula-317 

Kozłowska et al., 2014). Pb, As and Cd median concentrations of 12, 1.2 and 0.55 ng m-3, 318 

respectively, found in this study are close to the concentrations reported in the review by Csavina et 319 

al. (2012) for sites affected by smelting and mining operations. 320 

 321 

3.2. Correlations between metals and organic ligands 322 

In order to investigate the influence of the presence of organic ligands on the solubilisation of 323 

the elements a Pearson correlation test was used. Elements to be considered for this purpose were 324 

selected using the ANOVA test. We selected only the elements that had a sample-to-sample 325 

variance larger than the variance of the analytical measurement and a concentration value higher 326 

than the LOD in at least the 70% of the samples (N = 20). Selected elements for further analysis 327 

were: Al, As, B, Ba, Ca, Cd, Ce, Co, Cr, Cu, Fe, Ga, K, La, Mg, Mn, Nd, P, Pb, Rb, Se, Sm, Sr, Tl, 328 

V, and Zn. An example of the results of the correlation analysis is reported in Table 3. The soluble 329 

fraction of Fe (in percentage) is significantly correlated with organic species that have ligand 330 

properties. The significance follows the order oxalate>succinate>malonate. A similar result was 331 

obtained for Cu, while Pb is significantly correlated with oxalate. Solubility of Zn does not seem to 332 

be influenced by the ligands while phosphate may influence the solubility of Pb but not that of Fe, 333 

and Cu. This is further discussed in the section 3.3. 334 

 335 
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Table 3. p-values of the Pearson correlation tests between the soluble fraction of the elements at autogenic (MH) 336 
and acidic (MA) pH and selected ligands. Su2- = succinate, Ma2- = malonate, Ox2- = oxalate. 337 
 Su2- Ma2- Ox2- PO4

3- 
ZnH 0.66 0.58 0.50 0.47 
ZnA 0.70 0.60 0.54 0.52 
FeH <10-4 <10-3 <10-6 0.19 
FeA <10-4 <10-3 <10-5 0.26 
CuH <0.05 0.01 <0.05 0.68 
CuA 0.03 0.04 0.01 0.64 
PbH <0.05 0.22 <0.01 <0.01 
PbA <0.05 0.49 0.05 <0.03 

 338 

 339 
Figure 2. Loadings (a) and scores (b) of the PCA applied to the total element concentration together with all 340 
organic and inorganic anions, and loadings (c) and scores (d) of the PCA applied to the soluble fraction of the 341 
elements in water (MH/M T) and in water at pH 4.5 (MA/M T). For clarity only soluble metals in water at pH 4.5 342 
are reported in panel c because the two fractions are always superimposed in the plane defined by the first two 343 
PCs with the exception of Cr for which the soluble fraction in water at autogenic pH is not explained by the first 344 
two PCs. 345 

 346 
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Experimental data were additionally subjected to a PCA to look for possible association 347 

between the elements and the organic ligands that may facilitate their solubilisation and therefore 348 

enhance their bioavailability. For the PCA we considered all organic and inorganic anions listed in 349 

Table 1 and Table 2, and the elements selected through the ANOVA test excluding Ba, B, La, Ce, 350 

Nd, Sm, Tl and U because present at concentrations only slightly above the LOD. 351 

Figure 2a and Figure 2b show the loading and score plots referred to the PCA applied to the 352 

total concentration of metals. The first two principal components (PCs) explain ~60% of the 353 

variance. The loading plot (Figure 2a) shows that the elements can be divided into two groups: the 354 

first group correlates with PC1 and all ligands while the second group, made of Ca, Mg, Sr and Zn 355 

which are characterised by a high solubility (Table 2), correlates with PC2.  356 

Figure 2c and Figure 2d show the loading and score plots referred to the PCA applied to the 357 

soluble fractions of the metals at autogenic pH (M-H = MH/MT) and pH 4.5 (M-A = MA/MT). The 358 

first two principal components (PCs) explain only ~46% of the variance. The additional PCs did not 359 

bring any information on correlations between soluble metal ions and organic ligands, so they are 360 

not reported in this study.  361 

The loading plot (Figure 2c) shows that the soluble fraction of Fe, both in water and at pH 362 

4.5, is basically superimposed to oxalate, and the other dicarboxylic acids (succinate and malonate), 363 

which is in agreement with a previous study on desert dusts (Paris and Desboeufs, 2013). PC1 364 

indicates that the elements whose solubilisation is most influenced by the presence of the organic 365 

ligands are Fe and Pb. Differently, the solubilisation of Cu, Mn and V are explained also by PC2. 366 

Very soluble metals such as Zn, K, Rb, Mg are clustered toward the top part of the plane defined by 367 

the first two PCs and strongly correlated with PC2. Sr, Ca and Al cluster together toward the 368 

bottom-right of the plane defined by the first two PCs. These elements are of crustal origin and may 369 

be present either in a rather refractory chemical form (Al) or be readily soluble (Ca, Sr) so that their 370 

solubilisation is not much influenced by the organic component, but it may be influenced by other 371 

processes (e.g. hydrolysis). Similarly, Cr-A seems to be only slightly influenced by the presence of 372 

the dicarboxylic acids while Cr-H is close to the axis origin and so it is not explained by the first 373 

two PCs. 374 

The score plots (Figure 2b and Figure 2d) show that the samples collected on the 15th and 375 

18th March 2014 are those with the highest concentrations of metals, highest soluble fraction and 376 

highest concentration of organic ligands. These two days were characterised by high PM2.5 377 

concentrations but also high RH (Figure 1).  378 

 379 
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3.3. Speciation in solution 380 

 The speciation of an aqueous solution represents the qualitative and quantitative composition 381 

of the solution at the given experimental conditions. Speciation depends on temperature, pH, and 382 

concentrations of the system components. When temperature and pH are fixed, the speciation of a 383 

given metal ion Mn+ depends on its concentration, on the concentration of all ligands in solution 384 

which can bind Mn+, on the concentration of all other metal ions in solution which can compete with 385 

the ligands of Mn+, and also on the concentration of all ligands which do not bind Mn+ but bind the 386 

competitor metal ions. A reliable speciation model for Mn+ can therefore be obtained only if all the 387 

solution components having binding ability are taken into account, and if stability constants of 388 

formation of the complexes are known.  389 

 A database was built, which includes the components with complexing ability detected in the 390 

soluble fractions of the PM (see Table 1 and Table 2). The inorganic and organic compounds 391 

included in the database are reported in Table 4 (first row). Monocarboxylates (acetate, formate) 392 

and methylsulfonate, although detected in the PM soluble fraction (Table 2), were not included in 393 

the database due to their low concentration in solution and especially because they are very weak 394 

complexing agents for all metal ions. Therefore, their effect on metal ion speciation can be 395 

considered negligible. Other potentially very important ligands present in the aerosol, however not 396 

determined in this study, are humic-like and fulvic-like substances. These polyfunctional 397 

macromolecules are powerful chelating agents (Borgatta and Navea, 2015; Willey et al., 2000; Win 398 

et al., 2018) but, at present, their molecular characterisation, consequent information on the 399 

stoichiometry of the complexes and their stability constants is far from complete. These substances, 400 

together with microbial proteins, may also be present as siderophores in atmospheric aqueous 401 

phases and may affect metal ion solubilisation from aerosol particles (Cheize et al., 2012; Vinatier 402 

et al., 2016). The metal ions included in the database are reported in Table 4 (first column). For the 403 

speciation calculations, each metal has been considered to be dissolved at only one oxidation state. 404 

If more oxidation states would exist for a given metal, the most stable one at environmental 405 

conditions was chosen for the speciation calculations. For example, Fe was considered to be 406 

dissolved only as Fe3+, Cu only as Cu2+. In the case of Fe, however, additional speciation 407 

calculations were performed considering that this metal is only in the oxidation state +2. The 408 

chosen oxidation states are explicitly stated in the first column of Table 4. Not all elements detected 409 

in the PM soluble fraction (Table 1) have been included in the database. In particular, alkaline metal 410 

ions (Na+, K+, Rb+) have been excluded as they do not display appreciable complexing ability 411 

towards ligands in aqueous solutions. Some elements, namely V, As, and Se, are likely present as 412 

oxo-compounds in their most stable oxidation states (+5, +5 and +6, respectively), but only 413 
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vanadates have appreciable coordinating abilities towards ligands and were included in the 414 

database. The acidity constants of the ligands (H+ + ligand), and the stability constants of metal 415 

hydroxocomplexes (metal + OH–) were included, as H+ and OH– compete with the metal ions and 416 

with the ligands, respectively, in the complex formation. 417 

 The IUPAC stability constant database was used as the source of thermodynamic data 418 

regarding metal-ligand complex formation (ScQuery v.5.84, 2005). Table 4 reports the 419 

stoichiometry and the stability constants of the metal-ligand complexes formed for each metal-420 

ligand pair. Many different speciation models (i.e. formation constants in different aqueous media) 421 

were often reported in the literature for each given metal-ligand pair: the model chosen as the most 422 

reliable (reported in Table 4) was the one obtained in aqueous solutions at the lowest level of ionic 423 

strength, which better resembles atmospheric water phases such as fog and rain waters (Scheinhardt 424 

et al., 2013). No mixed complexes (one metal ion + two ligands, or one ligand + two metal ions) 425 

were included in the database, with the exceptions of protonated- and hydroxo-ligand complexes. 426 

 Speciation calculations have been performed on the basis of the thermodynamic model 427 

reported in Table 4, using the metal and ligand concentration data of the sampled PM fractions. The 428 

calculation was performed for all sampled solutions considering metal solubility in diluted sulfuric 429 

acid solution at pH 4.5, simulating fog and rainwater. Table 5 reports the speciation data obtained 430 

for the PM sampled on 10th January 2014. Data are reported as percentage of each metal species 431 

relative to the total soluble amount of the same metal. Similar tables were obtained for all other 432 

samples, but results do not differ significantly from those reported in Table 5 which can therefore 433 

allow us to draw general conclusions. 434 

 435 
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Table 4. Inorganic/organic ligands and metal ions considered for the calculation of the speciation in PM-containing water solutions. Concerning Fe, speciation 436 
calculations were performed considering two scenarios in which Fe is present only as Fe3+ or only as Fe2+. Ox = oxalate (C2O4

2–), Ma = malonate (C3H2O4
2–), Su = 437 

succinate (C4H4O4
2–). The most reliable thermodynamic model (stoichiometry and stability constants of the complexes) is reported for every metal-ligand couple as 438 

obtained from the Iupac Stability Constant database (ScQuery v.5.84, 2005). Stability constants are given as log(ββββ) and they refer to the general reactions 439 
m M + llll L + h H  MmL llll

Hh. Charges of the complexes are omitted for simplicity. 440 
ligands Cl– NO3

– PO4
3– SO4

2– Ox2– Ma2– Su2– OH– 
metal ions 

Al 3+ – – 

AlH 2PO4 19.65 
AlHPO4 17.7 
AlPO4 13.5 
AlPO4OH 8.37 
Al 2PO4 17.42 

AlSO4 3.84 
Al(SO4)2 5.58 

AlHOx 3.84 
AlOx 6.97 
Al(Ox)2 12.93 
Al(Ox)3 17.88 

AlMa 7.49 
Al(Ma)2 12.62 

AlHSu 7.03 
AlSu 3.63 
AlSuOH –0.53 
AlSu(OH)2 –5.55 

AlOH –5.53 
Al(OH)2 –11.3 
Al(OH)3 –17.3 
Al(OH)4 –23.46 

Ca2+ 
CaCl 0.42 CaNO3 0.6 CaHPO4 13.98 CaSO4 2.19 CaOx 2.08 CaMa 2.50 CaHSu 6.18 

CaSu 1.20 
– 

Cd2+ 
CdCl 1.98 
CdCl2 2.64 
CdCl3 2.3 

CdNO3 0.40 CdHPO4 15.19 CdSO4 2.35 CdOx 2.52 
Cd(Ox)2 4.20 

CdMa 2.64 CdSu 2.03 CdOH –9.80 
Cd(OH)2 –20.19 

Co2+ 

CoCl 0.60 
CoCl2 0.02 
CoCl3 –1.71 
CoCl4 –4.51 

CoNO3 –0.46 
Co(NO3)2 –0.30 

CoHPO4 14.56 CoSO4 2.51 CoOx 3.21 
Co(Ox)2 5.93 

CoMa 2.92 
Co(Ma)2 4.60 
Co(Ma)3 5.30 

CoSu 2.96 CoOH –8.23 
Co(OH)2 –17.83 

Cr3+ 
CrCl –1.0 CrNO3 –1.91 CrPO4OH 8.12 

CrPO4(OH)2 –1.92 
CrPO4(OH)3 –14.34 

CrSO4 1.6 CrOx 5.34 
Cr(Ox)2 10.51 
Cr(Ox)3 15.44 

CrMa 7.06 
Cr(Ma)2 12.85 
Cr(Ma)3 16.15 

CrSu 6.42 
Cr(Su)2 10.99 
Cr(Su)3 13.85 

CrOH –4.29 
Cr(OH)2 –9.49 
Cr(OH)3 –18.00 

Cu2+ 
CuCl 0.83 
CuCl2 0.60 

CuNO3 0.44 CuHPO4 15.67 CuSO4 2.27 CuOx 4.60 
Cu(Ox)2 8.70 

CuMa 5.13 
Cu(Ma)2 8.81 

CuSu 3.02 CuOH –7.95 
Cu(OH)2 –16.2 
Cu(OH)3 –26.6 

Fe2+ – – 
FeH2PO4 22.24 
FeHPO4 15.94 

FeSO4 2.39 FeOx 2.30 
Fe(Ox)2 1.88 

FeMa 2.24 FeSu 1.42 
Fe(Su)2 2.92 

FeOH –9.63 

Fe3+ 

FeCl 0.67 
FeCl2 1.37 

FeNO3 –0.22 FeH3PO4 21.48 
FeH2PO4 23.54 
FeHPO4 22.34 
FeH5(PO4)2 45.98 
FeH4(PO4)2 46.51 
FeH3(PO4)2 43.72 
FeH7(PO4)3 69.12 
FeH6(PO4)3 68.44 

FeSO4 4.27 
Fe(SO4)2 6.11 

FeOx 7.53 
Fe(Ox)2 13.64 
Fe(Ox)3 18.49 

FeMa 7.52 
Fe(Ma)2 13.29 
Fe(Ma)3 16.93 

FeSu 7.89 
Fe(Su)2 13.34 

FeOH –2.87 
Fe(OH)2 –6.16 
Fe(OH)3 –12.16 
Fe(OH)4 –22.16 

Mg2+ MgCl 0.49 MgNO3 0.06 MgHPO4 15.04 MgSO4 2.38 MgOx 2.18 MgMa 2.86 MgSu 1.47 – 

Mn2+ 
MnCl 0.85 MnNO3 –0.15 MnHPO4 14.79 MnSO4 2.26 MnOx 3.15 

Mn(Ox)2 4.41 
MnMa 3.11 MnSu 2.26 MnOH –10.5 

Ni2+ NiCl –0.83 NiNO3 –0.22 NiHPO4 14.54 NiSO4 2.45 NiOx 3.46 NiMa 3.92 NiSu 3.12 NiOH –8.10 
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NiCl2 –1.2 Ni(NO3)2 –1.0 Ni(Ox)2 6.42 Ni(Ma)2 6.84 Ni(OH)2 –16.87 

Pb2+ 
PbCl 1.50 
PbCl2 2.10 
PbCl3 2.00 

PbNO3 1.15 PbHPO4 15.64 PbSO4 2.77 PbOx 3.60 
Pb(Ox)2 6.10 

PbMa 3.10 PbSu 2.40 PbOH –7.2 
Pb(OH)2 –16.1 
Pb(OH)3 –26.5 

Sr2+ 
SrCl –0.24 SrNO3 0.7 SrHPO4 13.72 SrSO4 1.44 SrOx 1.25 

Sr(Ox)2 1.90 
SrMa 1.30 SrSu 0.9 – 

VO2
+ 

VO2Cl –0.38 VO2NO3 –0.07 VO2H2PO4 20.91 
VO2HPO4 17.54 
VO2(HPO4)2 32.88 

VO2SO4 0.95 VO2Ox 6.49 
VO2Ox2 9.99 – – 

VO2(OH)3 –7.1 

Zn2+ 
ZnCl 0.46 ZnNO3 –0.68 ZnHPO4 14.86 ZnSO4 2.03 ZnOx 3.42 

Zn(Ox)2 6.16 
ZnMa 2.85 ZnSu 2.47 ZnOH –7.89 

Zn(OH)2 –14.92 

H+ – – 
HPO4 12.338 
H2PO4 19.54 
H3PO4 21.681 

– 
HOx 4.266 
H2Ox 5.54 

HMa 5.70 
H2Ma 8.53 

HSu 5.636 
H2Su 9.84 

H2O 14 

 441 
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Table 5. Percentages of the various metal ions species calculated on the basis of the thermodynamic model of 442 
Table 4, under the hypothesis that Fe was present as Fe(III), for the PM sampled on 10th January 2014 443 
(concentrations in the extraction solution at pH 4.5, simulating rain droplet composition). Only species having 444 
percentages above 1% are reported. Free metal ion percentages (given as sum of percentages of Mn+ and of its 445 
hydroxo derivatives) are reported also if below 1%. 446 
metal ion major species other important species 

(> 5%) 
minor species 

(< 5%) 
Al 3+ Al(Ox)2 54% Al(Ox)3 37% 

AlOx 8% 
AlMa 1% 
free Al < 1% 

Ca2+ free Ca 91% CaSO4 8% CaNO3 1% 
Cd2+ free Cd 86% CdSO4 12% CdCl 1% 

CdNO3 1% 
Co2+ free Co 83% CoSO4 16% CoOx 1% 
Cr3+ CrSu 25% 

free Cr 25% 
CrMa 13% 
CrOx2 13% 
CrOx 12% 
CrOx3 9% 

CrSu2 1% 
CrMa2 1% 

Cu2+ free Cu 68% CuOx 21% 
CuSO4 8% 

CuOx2 2% 
CuMa 1% 

Fe3+ FeOx2 46% FeOx3 25% 
free Fe 20% 
FeOx 5% 

FeSu 2% 
FeSu2 1% 
FeHPO4 1% 

Mg2+ free Mg 87% MgSO4 13%  
Mn2+ free Mn 89% MnSO4 10% MnOx 1% 
Ni2+ free Ni 84% NiSO4 14% NiOx 2% 
Pb2+ free Pb 70% PbSO4 25% PbNO3 3% 

PbOx 2% 
Sr2+ free Sr 97%  SrSO4 2% 

SrNO3 1% 
VO2

+ free V 100%   
Zn2+ free Zn 92% ZnSO4 6% 

ZnOx 2% 
 

 447 

 Table 5 shows two well-defined groups of metal ions. The first group included those elements 448 

for which the main (if not only) species in solution was the free metal ion. These elements were the 449 

+2 metal cations, i.e. Ca2+, Cd2+, Co2+, Cu2+, Mg2+, Mn2+, Ni2+, Pb2+, Sr2+, and Zn2+, as well as the 450 

monocharged VO2
+. An example of speciation for this kind of metals is reported in Figure 3a 451 

(Zn2+). The only other significant species was the sulfate complex, which represented around 10% 452 

of the total metal ion in solution. For Pb2+ and in part also for Co2+ and Ni2+ the sulfate complex 453 

was more important, as it represented 25%, 16%, and 14%, respectively, of the total metal ion. For 454 

Cu2+ the oxalate complex concentration was larger than that of the sulfate complex, and the former 455 

represented 21% of total copper in solution. Copper speciation is shown in Figure 3b. These results 456 

indicated that the solubility of the first group of metal ions is scarcely affected by the presence of 457 

ligands from the aerosol. Although, the solubility contribution due to SO4
2– contained in PM was 458 

generally significant, especially for the toxic Pb2+ ion. 459 

 The second group of elements included the +3 metal cations, i.e. Al3+, Cr3+, and Fe3+, for 460 

which the free metal fraction in solution was low if not negligible. The speciation for Fe3+ is 461 
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reported in Figure 3c. The main binder for these metal ions was oxalate, in particular for Al and Fe: 462 

Al-oxalate complexes represented 99% of total Al in solution, and Fe-oxalate complexes accounted 463 

for 76% of total Fe. Only a small fraction of Fe (~1%) was bound to phosphate. Cr displayed a 464 

more complicated speciation, as oxalate was a significant but not exclusive binder. 34% of total Cr 465 

was complexed by oxalate, but also Cr-succinate (26%) and Cr-malonate complexes (14%) were 466 

computed to have significant concentrations in solutions. These results indicated that Al, Cr and Fe 467 

solubility from aerosol was mainly, if not exclusively, determined by the ligands contained in the 468 

PM among which oxalate was by far the most important. Al and Fe complexes were around 100 469 

times more concentrated than the free metal ions. Therefore, Al and Fe would have dissolved less 470 

(~2 orders of magnitude less) in the absence of organic aerosol components. Cr complexes were ca. 471 

four times more concentrated than free Cr, so the organic aerosol components increased the 472 

solubility of Cr by four times. 473 

Figure 3 shows also that at higher pH, close to neutrality, condition that may be encountered in fog 474 

droplets (Giulianelli et al., 2014) and biological fluids (Jayaraman et al., 2001), the speciation 475 

picture changes significantly. Concerning Cu (Figure 3b), at pH close to neutrality complexation 476 

becomes increasingly important, with formation of CuOx2 and CuMa complexes. Conversely for Fe 477 

(Figure 3c), complexation becomes less important and the equilibrium shifts towards formation of 478 

non-soluble iron hydroxides. 479 

The results obtained in this study concerning complexation of Fe3+ and Cu2+ by oxalate in simulated 480 

rain droplets are consistent with those reported by Scheinhardt et al. (2013) for aerosol samples 481 

from nine sites in Germany. Conversely, while Scheinhardt et al. (2013) found that nitrate was an 482 

important ligand for Mn2+, in our study only a limited complexation of Pb2+ and Sr2+ by nitrate was 483 

found. This difference may be attributed to the different conditions considered in the two studies, 484 

i.e. deliquescent particles in Scheinhardt et al. (2013) vs. simulated rain droplets in the present 485 

study. Our results show that ~24% of Cu is complexed by organics, in line with the results obtained 486 

by Nimmo and Fones (1997) in rainwaters from two sites in northwest England. Conversely, we 487 

found that only ~2% of Pb and Ni were associated with organics compared with 27-28% found by 488 

Nimmo and Fones (1997) from adsorptive cathodic stripping voltammetry measurements. These 489 

contrasting results may be explained by a scarce availability of ligands, already associated with 490 

other metals, in our samples. 491 

Availability of ligands may play a role in iron solubilisation, which was only around 6-11% on 492 

average in our samples (Table 2), lower than the 44% in coal fly ash in the presence of an excess of 493 

oxalic acid (Chen and Grassian, 2013) however higher than the 0.26% found in the more refractory 494 

Sahelian soil (Paris and Desboeufs, 2013). 495 



21 

 496 

 497 
Figure 3. Speciation diagrams obtained with reference to Zn2+ (a), Cu2+ (b), and Fe3+ (c), under the experimental 498 
conditions of this work. Speciation at pH = 4.5 are indicated as a vertical dotted line for which values are shown 499 
in Table 5. 500 
 501 

Literature data (Majestic et al., 2006) suggested that Fe2+ may represent the most abundant fraction 502 

of soluble Fe. It may be argued that dissolved Fe2+ will eventually be transformed to Fe3+ under the 503 

typical oxidising conditions of environmental aqueous solutions, thus producing the speciation 504 

reported in Table 5 and depicted in Figure 3. This speciation, however, represents conditions at the 505 

equilibrium, when time approaches infinity, while the oxidation of Fe2+ to Fe3+ by oxygen is 506 

relatively slow (Cotton and Wilkinson, 1988). If Fe2+ is a major component of atmospheric 507 

particles, and dissolves in aqueous solution under this oxidation state, then the solution obtained 508 

will be expected to have a different speciation than that at equilibrium. The speciation calculations 509 

were thus repeated in a scenario that considers the presence of Fe2+ instead of Fe3+, to better 510 

resemble conditions at short times after particles come into contact with water. The equilibrium 511 

constants pertaining Fe2+ are reported in Table 4; the results of the speciation calculation are 512 

reported in Table 6. 513 

Fe3+ forms strong complexes with hard ligands such as oxalate, whereas Fe2+ forms only weak 514 

complexes with these organic compounds. This explains the big speciation changes which can be 515 

observed in Fe speciation at infinite and at short times (Table 5 vs. Table 6): Fe is mostly bound to 516 

oxalic acid if it is in the 3+ form, whereas it remains almost entirely as free ion if it is in the 2+ 517 

form. When (as in the considered aerosol sample) the total concentration of Fe is relatively large 518 

and the oxidation state is 2+, a large amount of oxalate remains available to complex other metal 519 

ions thus changing their speciation too. In particular, the fraction of oxalate complexes of Al3+, Cr3+, 520 

and Cu2+ is much larger at short times. In addition, minor changes can be observed also for some 521 

other ions, and, conversely, the fractions of free metal ions, and/or of other complexes, are generally 522 

reduced. If Fe is contained as Fe2+ in the PM, therefore, the solubility of all other metal ions from 523 

the PM to the aqueous solution can be further increased. 524 

 525 
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Table 6. Percentages of the various metal ions species calculated on the basis of the thermodynamic model of 526 
Table 4, under the hypothesis that all Fe was Fe(II) rather than Fe(III), for the PM sampled on 10th January 527 
2014 (concentrations in the extraction solution at pH 4.5, simulating rain droplet composition). Only species 528 
having percentages above 1% are reported. Free metal ion percentages (given as sum of percentages of Mn+ and 529 
of its hydroxo derivatives) are reported also if below 1%. Values in blue, black and red indicate that percentages 530 
decreased, did not change, or increased, respectively, with respect to corresponding values of Table 5. Values in 531 
bold indicate that the increase/decrease was very marked. 532 

metal ion major species other important  
species (> 5%) 

minor species 
(< 5%) 

Al 3+ Al(Ox) 2 63% Al(Ox)3 35% AlOx 2%  
AlMa < 1% 
free Al < 1% 

Ca2+ free Ca 91% CaSO4 8% CaNO3 1% 
Cd2+ free Cd 86% CdSO4 12% CdCl 1% 

CdNO3 1% 
Co2+ free Co 81% CoSO4 16% CoOx 3% 
Cr3+ CrOx3 47% CrOx2 27% 

CrOx 9% 
CrSu 6% 
free Cr 6% 

CrMa 4%  
CrSu2 < 1% 
CrMa2 < 1% 

Cu2+ free Cu 47% CuOx 37% 
CuOx2 10% 
CuSO4 5% 

CuMa 1% 

Fe2+ free Fe 87% FeSO4 13% FeOx complexes < 1% 
Mg2+ free Mg 87% MgSO4 13%  
Mn2+ free Mn 88% MnSO4 9% MnOx 3% 
Ni2+ free Ni 81% NiSO4 14% 

NiOx 5% 
 

Pb2+ free Pb 68% PbSO4 24% 
PbOx 5% 

PbNO3 3% 

Sr2+ free Sr 97%  SrSO4 2% 
SrNO3 1% 

VO2
+ free V 100%   

Zn2+ free Zn 89% ZnSO4 6% 
ZnOx 5% 

 

 533 

3.4. Detection of metal-ligand complexes in urban PM2.5 534 

Considering the concentrations and soluble fractions of the elements (Table 2) and the 535 

complexes that are most likely to form in solution (Table 5), the metal-ligand complexes that are 536 

expected to be present at the highest concentrations in our samples are those involving the metals 537 

Fe, Cu, Mn and Pb with the ligands oxalate, malonate and succinate. 538 

In order to look for signals in the mass spectra that may be attributable to these complexes, a 539 

database was built for each possible metal-ligand combination. We considered the most stable 540 

oxidation states in aqueous solution for each element: Fe(II), Fe(III), Cu(I), Cu(II), Mn(II), Mn(III), 541 

Pb(II) and Pb(IV). Concerning the ligands, we considered both the deprotonated form and the 542 

monoprotonated form for each ligand. For the metal-ligand complex formation we considered a 543 

coordination of up to 6 with the possibility to coordinate water molecules at the sites not occupied 544 

by an organic ligand. No mixed complexes (one metal ion + two ligands, or one ligand + two metal 545 
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ions) were included in the database. For each metal ion, 43 complexes were obtained and associated 546 

with their corresponding exact mass. 547 

All possible complexes were searched for in the nanoESI-HRMS spectra as detailed in section 548 

2.4.3; results are reported in Table 7. Of all possible combination considered, five were found in the 549 

mass spectra of the samples. Among these, only one, an oxalate of iron (III) with formula 550 

C2H3FeO6, was confirmed by analysis of standard solutions. Standard solutions of iron(III) oxalates 551 

([Fe3+] = 2.32·10-5 M; [Ox2-] = 2.20·10-4 M) in water/methanol (50:50) at pH 2.6, 3.2 and 4.0 and in 552 

methanol at autogenic pH presented peaks in the mass spectra of the oxalate anion, and the oxalate 553 

of iron(III) with stoichiometry 2:1 (with neutral formula C4HFeO8). In the solution at pH 4, more 554 

similar to sample conditions, the oxalate of iron(III) with stoichiometry 1:1 (with neutral formula 555 

C2H3FeO6) was also detected, thus confirming the signal that was assigned in the real samples 556 

(species in bold in Table 7). However, the ratio between C4HFeO8 and C2H3FeO6 is about 10:1 in 557 

the standard solution while C2H3FeO6 is the only detected species in the real samples. This 558 

discrepancy between real samples and standard solutions may be due to different oxalate 559 

concentrations in the real samples and/or matrix effects that might have influenced fragmentation in 560 

the ESI source. Further work is needed to confirm the presence of metal-ligand complexes in 561 

atmospheric aerosol, including measurements without prior extraction in an aqueous or organic 562 

solvent that may introduce artefacts. 563 

 564 

Table 7. Detected metal-ligand (ML) complexes in nanoESI-HRMS spectra (in negative ionisation mode) of 565 
PM2.5 samples collected from the 5th December 2013 to the 1st April 2014. The species in bold was confirmed by 566 
analysis of standard solutions. 567 
Formula Metal 

ion 

Ligands Coordinating  

water molecules 

Adducts Detected ion Samples in which ML were 

detected 

C8H16FeO11 Fe2+ 2 x (Su2- + H+) 3 x (H2O) Cl-, For- [ML+Cl+For]2- QF11-W 

C2H3FeO6 Fe3+ Ox2- H2O + OH- Cl- [ML+Cl] - QF8-W, QF9-W 

C16H23MnO17 Mn3+ 4 x (Su2- + H+) H2O For-, Ac- [ML+For+Ac]3- QF6-W, QF16-W 

C6H7CuO9Na Cu2+ 2 x Ma2- H2O Na+ [ML+Na] - QF1-W, QF9-W, QF10-W 

C16H27CuO17N Cu2+ 4 x (Su2- + H+) H2O NH4
+, For- [ML+NH 4+For]- QF15-W, QF17-W, QF18-W 

 568 

The samples in which the iron oxalate complex was detected were collected on the 3rd January 569 

2014 and on the 8th January 2014. These two days were characterised by a relatively high aerosol 570 

concentration (PM2.5 74 µg m-3 on the 8th January) and ambient temperature was close to the 571 

dewpoint temperature (Lawrence, 2005) therefore indicating a high probability of fog formation 572 

favouring aqueous phase chemistry. These were the only two days in which both conditions (high 573 

aerosol loading and high probability of fog formation) occurred simultaneously. 574 

 575 
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4. Conclusions 576 

We investigated the formation of metal-ligand complexes, and how this process may affect 577 

the solubility of metals, in urban atmospheric aerosol samples collected in the city centre of Padua 578 

(Italy) from the 5th December 2013 to the 1st April 2014. Short-chain dicarboxylic acids, i.e. 579 

oxalate, succinate, and malonate, were abundant aerosol components in the collected samples that 580 

possess ligand properties. We found that organic ligand concentrations are significantly correlated 581 

with the soluble fraction of non-readily soluble metals, such as Fe.  582 

PCA applied to the soluble fractions of all metals and the concentration of both organic and 583 

inorganic anions showed that very soluble metals, such as Zn, K, Rb, and Mg, are not associated 584 

with the presence of the organic ligands. Fe and Pb, on the contrary, are the elements whose 585 

solubility is strongly associated with the presence of the organic ligands. A speciation analysis in 586 

solution at pH 4.5, simulating fog/rainwater, pointed out that many metals are either partly 587 

complexed with oxalate, malonate and succinate, like Cu, Zn, Mn, Pb, and Ni, or completely 588 

complexed with the same diacids, like Al, Cr and Fe. The solubility increments of Al and Fe due to 589 

aerosol components can be estimated to be around two orders of magnitudes, while for Cr the 590 

solubility is increased by four times due to the presence of diacids. According to our results, the 591 

oxidation state of Fe can have a significant effect on the speciation of this and of other metal ions 592 

dissolving in aqueous solution. Further studies appear necessary to obtain information on the 593 

oxidation state of Fe, both when contained in PM and once released in an aqueous solution, to allow 594 

an accurate prediction of the speciation picture of PM components. 595 

Direct analysis of aerosol extracts in methanol with nanoESI-HRMS showed the presence of a 596 

signal of a 1:1 complex between Fe(III) and oxalate in two samples collected on days characterised 597 

by high aerosol loading and high probability of fog formation, indicating that these complexes can 598 

be identified directly.  599 

The study here reported considers metal speciation at equilibrium and confirms, using both 600 

quantitative data and a thermodynamic model, that important environmental and health properties 601 

of the aerosol may be influenced by metal-ligand interactions in the specific media. The solubility 602 

changes of metal ions potentially induced by complexation with organics affects the bioaccessibility 603 

(Wiseman, 2015) of the metals themselves. Formation of complexes can also impact redox 604 

chemistry, therefore the ability of metals to deplete antioxidants in the lungs once particles are 605 

inhaled and come into contact with lung fluids. Further work is needed to investigate the kinetic of 606 

solubilisation of the metals and how it is affected by other aerosol components. 607 

 608 
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Highlights 

• Solubility and speciation of metal ions released by PM in aqueous solutions simulating fog 

and rainwater was investigated 

• Solubility of Al, Cr, and Fe was strongly correlated to the concentrations of oxalate 

• Succinate and malonate moderately affected the solubility of Cr 

• Cu, Zn, Mn, Pb, and Ni were partly complexed by organic acids in solution 

• Direct detection of an iron-oxalate complex was also performed in aerosol sample extracts 
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