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Abstract (max 250 words) 14 

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous atmospheric pollutants of high concern 15 

for public health. In the atmosphere they undergo oxidation, mainly through reactions with ·OH and 16 

NOx to produce nitro- and oxygenated (oxy-) derivatives. In this study, we developed a new 17 

method for the detection of particle-bound PAHs, nitro-PAHs and oxy-PAHs using direct infusion 18 

into an atmospheric pressure photoionisation high-resolution mass spectrometer (APPI-HRMS). 19 

Method optimisation was done by testing different source temperatures, gas flow rates, mobile 20 

phases and dopants. Samples were extracted with methanol, concentrated by evaporation and 21 

directly infused in the APPI source after adding toluene as dopant. Acquisition was performed in 22 

both polarity modes. The method was applied to target analysis of seasonal PM2.5 samples from an 23 

urban background site in Padua (Italy), in the Po Valley, in which a series of PAHs, nitro- and oxy-24 

PAHs were detected. APPI-HRMS was then used for non-target analysis of seasonal PM2.5 samples 25 

and results compared with nano-electrospray ionisation (nanoESI) HRMS. The results showed that, 26 

when samples were characterised by highly oxidised organic compounds, including S-containing 27 

compounds, like in summer samples, APPI did not bring any additional information with respect to 28 

nanoESI in negative polarity (nanoESI(-)). Conversely, for winter samples, APPI(-) could detect a 29 

series of aromatic and poly-aromatic compounds, mainly oxidised and nitrogenated aromatics, that 30 

were not otherwise detected with nanoESI.  31 

 32 
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1 Introduction 36 

Polycyclic aromatic hydrocarbons (PAHs), organic compounds with two or more fused aromatic 37 

rings, are ubiquitous atmospheric pollutants, produced by incomplete combustion and pyrolysis of 38 

both biomass and fossil fuel (Srogi, 2007; Valotto et al., 2017). PAHs are highly carcinogenic 39 

and/or mutagenic (Kim et al., 2015; Srogi, 2007; Zhang et al., 2015). Low molecular weight PAHs 40 

(e.g. 2-3 rings) have a higher concentration in the gas phase, whereas those with high molecular 41 

weight are often found as particle-bound components (Stracquadanio and Trombini, 2006; Valotto 42 

et al., 2017). 43 

The northern Italian Po valley represents a hot spot in Europe concerning air pollution (Masiol et 44 

al., 2013; Stracquadanio et al., 2007), with concentration values of particle-bound PAHs often 45 

exceeding the levels targeted by the European legislation (Masiol et al., 2013; Stracquadanio et al., 46 

2007), as 1 ng/m3 of benzo[a]pyrene averaged over a calendar year (EU, 2005). 47 

In the atmosphere, PAHs and particle-bound PAHs can undergo photochemical ageing. They can 48 

react in the gas phase or through heterogenous reactions with hydroxyl radical (·OH), nitrate radical 49 

(·NO3), nitrogen oxides (NOx), and (for olefinic PAHs) ozone (O3) to form nitro and oxygenated 50 

derivatives (nitro-PAHs and oxy-PAHs) (Nyiri et al., 2016). Nitroaromatic compounds are known 51 

chromophores, able to reduce near-UV irradiance within the boundary layer (Laskin et al., 2015). 52 

Specifically, nitrated PAHs are able to absorb UV light and are therefore constituents of the brown 53 

carbon fraction of the aerosol having a direct impact on the Earth’s climate (Laskin et al., 2015).  54 

The official method for the determination of PAHs in aerosol sampled on filters includes extraction 55 

with a Soxhlet apparatus using a diethyl ether/n-hexane mixture or dichloromethane for 14-24 h, 56 

followed by concentration of the extract in a Kuderna-Danish concentrator. The extract is then 57 

analysed with gas chromatography mass spectrometry (GC-MS) (ASTM International, 2013). Such 58 

method includes a time-consuming sample preparation procedure which could be replaced by faster 59 

and more efficient methods. Lim et al., (2013) used pressurised liquid extraction with 60 
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toluene/methanol (9:1) for 43 PAHs which were then determined using 2D-LC/2D-GC/MS. 61 

However, the most commonly used method of analysis of aerosol samples for the determination of 62 

PAHs uses LC-fluorimetry (Stracquadanio et al., 2007) which can be used after a simple and fast 63 

sample extraction method using acetonitrile as extraction solvent in ultrasonic bath, followed by 64 

evaporation of the solvent to concentrate the extract (Bacaloni et al., 2004). While fluorimetry is 65 

often the detection technique of choice for unsubstituted PAHs, nitro- and oxy-PAHs are not 66 

amenable to fluorescence detection without a derivatisation step (Delhomme et al., 2007) and may 67 

be detected more efficiently with MS techniques (Niederer, 1998). 68 

Nyiri et al. (2016) optimised a sample preparation method in which extraction was done in n-hexane 69 

via sonication, followed by clean up through water addition, centrifugation, recovery of the organic 70 

fraction, anhydrification, and evaporation down to 2 mL. After that, 1 mL of the extract was 71 

analysed for PAHs and oxy-PAHs, with GC-MS. The other aliquot was treated with dimethyl 72 

sulfoxide, evaporated down, and recovered with 1 mL of acetone for determination of nitro-PAHs 73 

with liquid chromatography atmospheric pressure chemical ionisation mass spectrometry (LC-74 

APCI-MS). Adelhelm et al. (2008) used LC coupled with both APCI and atmospheric pressure 75 

photoionisation (APPI) MS for analysis of oxy- and nitro-PAHs. Sample extraction was done in an 76 

ultrasonic bath with a mixture of toluene, dichloromethane, and methanol, followed by evaporation 77 

to dryness, recovery with toluene, silica-column clean-up, evaporation to dryness and reconstitution 78 

with methanol. Grosse and Letzel (2007) also used LC-APPI-MS for quantification of oxy-PAHs 79 

obtaining similar performances compared with LC-APCI-MS; conversely, electrospray ionisation 80 

(ESI) did not provide good performances. While the use of separation techniques (GC and LC) are 81 

necessary for obtaining quantitative information from the samples analysed, they may not give a 82 

complete picture of sample qualitative composition. 83 

Direct infusion analysis with ESI-HRMS has provided a wealth of information about the chemical 84 

composition of both natural and laboratory generated samples (Kourtchev et al., 2014b; Laskin et 85 
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al., 2016, 2018; Romonosky et al., 2015). The advantages of using direct infusion analysis with soft 86 

ionisation techniques and HRMS detection are the low amount of sample required for the analysis, 87 

the fast analytical method compared with LC, and the possibility of identifying and differentiating 88 

several molecular formulas from the huge amount of compounds present in the complex mixture of 89 

organic aerosol. Conversely, the main disadvantages are that only qualitative information on sample 90 

composition may be retrieved as peak intensities are not directly related to compound 91 

concentrations and that it is not possible to distinguish between structural isomers (Kourtchev et al., 92 

2014a; Laskin et al., 2018). Concerning PAHs, ESI does not ionise them well (Grosse and Letzel, 93 

2007) because it requires heteroatoms in the molecular structure to efficiently form ions, and it may 94 

not provide a complete enough picture of the chemical composition of aerosol samples, thus 95 

influencing results of studies where the chemical composition is used for the parameterisation of 96 

aerosol properties (DeRieux et al., 2018). In this respect, APPI provided interesting new insights on 97 

the composition of laboratory-generated samples, especially concerning non-polar chromophores 98 

that are not ionised efficiently by ESI (DeRieux et al., 2018; Lin et al., 2018). 99 

In the present study, we propose a fast method for the detection of PAHs, nitro-PAHs and oxy-100 

PAHs in aerosol samples using direct infusion APPI-HRMS; we use an automatic data processing 101 

scheme for noise removal and MS peak assignments that can be used for non-target analysis of both 102 

ESI and APPI derived mass spectra; we evaluate the use of the APPI source for non-target analysis 103 

of the organic fraction of an urban aerosol; and we compare APPI and ESI sources for the analysis 104 

of urban organic aerosol in order to assess specific additional information brought by the use of the 105 

APPI source. 106 

 107 

2 Materials and Methods 108 

 109 
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2.1 Chemicals and standard solutions 110 

A stock standard mixture of PAHs (PAH Mix 3, Supelco, TraceCERT® grade), nitro-PAHs (9-111 

nitroanthracene, Sigma-Aldrich®, BCR® grade; 4-nitrocatechol, Aldrich®, 97%; 4-nitrophenol, 112 

Sigma-Aldrich®, TraceCERT® grade) and oxy-PAHs (9,10-anthraquinone, Sigma-Aldrich®, 113 

PESTANAL® grade; 9-phenanthrenecarboxaldehyde, Aldrich®, 97%; 9-fluorenone, Aldrich®, 114 

98%; 1-naphthaldehyde, Aldrich®, 95%; 9-hydroxyphenanthrene, Aldrich®, >95%; 9-115 

hydroxyfluorene, Aldrich®, 96%) was used to optimise the analytical method after dilution in 116 

methanol/dichloromethane 1:1 (see Table S1 in the Supplementary Material for details). These 117 

standard compounds were chosen for method optimisation based on their potential importance in 118 

aerosol samples and commercial availability. The concentrations were in the range 6-133 µg/mL for 119 

PAHs, 0.6-5.3 µg/mL for nitro-PAHs and 0.13-13 µg/mL for oxy-PAHs. The solution was stored at 120 

-18 °C to prevent degradation.  121 

Methanol (Optima™ LC/MS, Fisher Chemical) and dichloromethane (≥99.9%, 122 

CHROMASOLV™, HPLC grade) were used as solvents. Acetone (>99.5%, HPLC, Fisher 123 

Chemical) and toluene (anhydrous, 99.8%, Sigma-Aldrich) were used as dopants. Ultrapure water 124 

(purified by a Millipore MilliQ equipment), HPLC grade acetonitrile (Riedel de Haën) and 125 

methanol (VWR) were used for washing. 126 

 127 

2.2 Aerosol Sampling 128 

Teflon filters (PALL, fiberfilm, Ø 47 mm) were pre-treated for removing organic contaminants. 129 

Filters were washed successively with 2x20 mL of ultrapure water, 2x20 mL of acetonitrile and 130 

2x20 mL of methanol for 30 minutes in an ultrasonic bath. Finally, filters were dried under vacuum 131 

for one hour and stored in a clean desiccator. Quartz fibre (Millipore, AQFA, Ø 47 mm) filters were 132 

decontaminated by baking them at 600 °C for 24 h as in previous studies (Kourtchev et al., 2014a, 133 

2014b). Both Teflon and quartz fibre filters were successfully used in previous studies for aerosol 134 
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collection for the determination of PAHs and their derivatives (Davis et al., 1987; Giorio et al., 135 

2019; Keyte et al., 2016; Kojima et al., 2010; Roper et al., 2015; Walgraeve et al., 2012). 136 

Six PM2.5 samples were collected (24 hours sampling time) from the 2nd to the 19th June 2014 137 

(samples Q1 to Q3 and Q5 to Q7) and another six samples were collected from the 8th to the 14th 138 

January 2015 (samples FP1 to FP6) using the sampling facility at the Department of Chemical 139 

Sciences of the University of Padua (45.41 °N, 11.88 °E) (Giorio et al., 2017, 2013). A Zambelli 140 

Explorer Plus PM sampler was fitted with a PM2.5 certified selector (CEN standard method UNI-EN 141 

14907) working at a constant flow rate of 2.3 m3/h. More details on sample collection and 142 

environmental conditions during sampling are reported in Table S2. Mass of aerosol particles 143 

collected on filters ranged between 0.5 mg to 1.1 mg for summer samples and between 2.0 and 5.6 144 

mg for winter samples. After sampling, filters were stored at -18 °C until instrumental analysis. For 145 

each campaign, at least two filter blanks (filters pre-treated, taken to the field and stored using the 146 

same procedure as for filter samples but not mounted on the sampling device) were also produced. 147 

 148 

2.3 Sample preparation 149 

All glassware was cleaned using at least three washings with HPLC grade methanol before sample 150 

preparation. Filter samples and filter blanks were extracted as done in previous studies (Kourtchev 151 

et al., 2014b). Briefly, a quarter of a filter was manually cut and extracted three times with 5 mL of 152 

methanol in an ultrasonic bath at 0 °C (slurry ice) for 30 mins. The extracts were then combined and 153 

filtered through two syringe PTFE filters (ISO-Disc™, Supelco, with pore sizes of 0.45 µm and 154 

0.22 µm) and then evaporated at 30.0±0.5 °C under a gentle nitrogen flow until a final volume of 155 

1.0 mL. For APPI-HRMS analyses, 10% toluene was added as dopant. 156 

 157 
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2.4 Instrumental analysis 158 

Instrumental analyses were performed by direct infusion into a high-resolution LTQ Orbitrap™ 159 

Velos mass spectrometer (Thermo Fisher, Bremen, Germany). The instrument mass resolution was 160 

set at 100,000 (measured at m/z 400). Each sample was analysed in both positive (+) and negative (-161 

) ionisation in the m/z ranges 100−650 and 150-900 (for both polarities), acquiring three replicates 162 

for each range for 60 seconds. The acquisition was considered acceptable only if the spray resulted 163 

sufficiently stable, with variations of the total ion current (TIC) profile versus time below 20%. 164 

APPI analyses were performed using an Ion Max™ source (Thermo Fisher, Bremen, Germany) set 165 

to work in APPI mode with a Syagen Krypton lamp emitting photons at 10.0 eV and 10.6 eV. 166 

Source parameters were: temperature 200 °C, sheath gas flow 0 arbitrary units (a.u.), auxiliary gas 167 

flow 5 a.u., sweep gas flow 10 a.u., capillary temperature 275 °C, S-lens RF level 60%. The 168 

instrument syringe pump was used for direct infusion at a flow rate of 10 µL/min. 169 

NanoESI analyses were performed using a chip-based nanoESI source TriVersa NanoMate (Advion 170 

Biosciences, Ithaca NY, USA). The direct infusion nanoESI parameters in negative mode were as 171 

follows: ionisation voltage 1.6 kV, back pressure 0.8 psi, capillary temperature 275 °C, S-lens RF 172 

level 60%, sample volume 8 µL, and sample flow rate 200–300 nL/min. For the positive mode the 173 

same parameters were used except for the ionisation voltage and the back pressure set at 1.4 kV and 174 

0.3 psi, respectively. 175 

The mass spectrometer (fitted with an ESI source) was calibrated before the analysis using a Pierce 176 

LTQ Velos ESI Positive Ion Calibration Solution and a Pierce ESI Negative Ion Calibration 177 

Solution (Thermo Scientific). The mass accuracy of the instrument was checked before the analysis 178 

using the calibration solutions and was always below 0.5 ppm. 179 

 180 
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2.5 Data treatment 181 

The post-run data processing for the assignment of unique molecular formulas to each m/z value 182 

was done according to the procedure described in details elsewhere (Zielinski et al., 2018). Briefly, 183 

for each instrumental acquisition a mass spectrum was obtained by averaging circa 40 single spectra 184 

(one minute of acquisition). In the generation of molecular formulas, carried out in Xcalibur 2.1 185 

qualitative software, the following constrains on the elemental composition were applied: 1 ≤ 12C ≤ 186 

75; 13C ≤ 1; 1 ≤1 H ≤ 180; 16O ≤ 50; 14N ≤ 30; 32S ≤ 2; 34S ≤ 1, mass tolerance 6 ppm and maximum 187 

number of formulas per peak 10. For positive nanoESI acquisitions, the presence of one sodium 188 

atom is also allowed in the molecular formula generation. Mass errors were automatically 189 

calculated and corrected on the basis of authentic standards (e.g., compounds in Table S1), known 190 

contaminants or substances likely to be present in the samples and previously confirmed via 191 

MS/MS experiments. The list of formulas associated to each peak in the MS is then filtered using a 192 

Mathematica 10 (Wolfram Research Inc., UK) code developed in house and already described 193 

elsewhere (Zielinski et al., 2018), which uses a series of heuristic rules for formula filtering, such as 194 

the nitrogen rule, double bond equivalent (DBE) and elemental ratios (0.3 ≤ H/C ≤ 2.5, O/C ≤ 2, 195 

N/C ≤ 1.3, S/C ≤ 0.8), and takes into account the presence of both molecular and quasimolecular 196 

ions for APPI-HRMS data. When several formulas satisfied all restrictions within 2 ppm accuracy, 197 

the formula with the lowest mass error was selected. Only peaks with an intensity five times higher 198 

than in the filter blanks were kept. Finally, mass ranges were merged and only ions common among 199 

all replicate acquisitions were selected. 200 

The carbon oxidation state (OS����c) was calculated as (OS����c) = 2 O/C − H/C (Kroll et al., 2011), the 201 

DBE values of the were calculated as DBE = nC − nH/2 + nN/2 + 1 (Wozniak et al., 2008), the 202 

aromaticity index (AI) was calculated using the equation AI = (1 + nC − nO − nS − 0.5nH)/(nC − nO − 203 

nN − nS) (Koch and Dittmar, 2006), where nC, nH, nO, nN, and nS correspond to the number of 204 

carbon, hydrogen, oxygen, nitrogen, and sulfur atoms in the neutral formula, respectively. 205 
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 206 

3 Results and discussion 207 

 208 

3.1 Optimisation of APPI-HRMS analysis for the measurement of PAHs, nitro-PAHs and 209 

oxy-PAHs in aerosol samples 210 

Optimisation tests are summarised briefly in the following paragraphs while a full description of the 211 

tests performed and related results are reported, see section S1 for more information. 212 

Optimisation of APPI acquisition in positive ionisation was done using a standard mixture of PAHs, 213 

nitro-PAHs and oxy-PAHs (details are reported in Table S1 in the supplementary materials). 214 

Different source temperatures from 50 to 350 ºC were tested, setting the mass range to m/z 100-650. 215 

For each temperature a series of mass spectra was recorded for 30 seconds each (~20 scans) after 216 

source stabilisation. The average and standard deviation of the total ion current (TIC) for each 217 

temperature condition and the extracted ion current (EIC) for two selected nitro-PAHs (4-218 

nitrocatechol and 4-nitrophenol) and one oxy-PAH (4-phenanthrenecarboxaldehyde) are reported in 219 

Figure 1. The results indicated that both total ion current (TIC) values and related standard 220 

deviations increased with source temperature. Furthermore, for nitro- and oxy-PAHs signal 221 

intensities decreased at temperatures above 200-250 °C, indicating a thermal decomposition. 222 

Consequently, a temperature of 200 °C was chosen for the APPI-HRMS analysis in order to prevent 223 

the loss of nitro- and oxy-PAHs, with optimal overall sensitivity and spray stability.  224 

 225 
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 226 
Figure 1. Total ion current (TIC) intensity trend and extracted ion current (EIC) intensity trend of selected 227 

nitro-PAHs and oxy-PAHs with the APPI source temperature showing an increase in signal variability (lower 228 

spray stability) with increasing temperature and possible degradation of nitro- and oxy-PAHs at temperatures 229 

above 200 °C. 230 

 231 

Gas flow optimisation was done for sheath, auxiliary and sweep gasses in the range from 0 to 10 232 

a.u.; flow rates of 5 and 10 a.u. were chosen for the auxiliary gas and the sweep gas respectively, to 233 

obtain a good compromise between response and spray stability. The sheath gas flow was turned 234 

off, as both TIC intensity and stability worsen by using it. Toluene and acetone were tested as 235 

dopant agents (Fredenhagen and Kühnöl, 2014) at concentrations of 5 and 10% (v/v). The best 236 

overall results for all compound classes were obtained by using toluene at a concentration of 10%. 237 

Discussion on individual compounds can be found in the supplementary materials, see section S1 238 

for more information. 239 

Optimisation of sample extraction, via sonication in slurry ice as in previous studies (Kourtchev et 240 

al., 2014b; Tong et al., 2016), was carried out both on blank filters spiked with PAHs, nitro-PAHs 241 

and oxy-PAHs at concentrations close to those expected in real samples (Masiol et al., 2013; 242 

Menichini, 1992; Srogi, 2007) and on a real aerosol sample. Extraction was tested with both 243 

methanol (commonly used for aerosol samples) and a methanol/dichloromethane (1:1) solution (in 244 

which unsubstituted PAHs are more soluble). It is worthwhile to underline the qualitative nature of 245 

direct infusion analysis, in which peak intensity is not strictly related to the concentration of a 246 

compound (Kourtchev et al., 2014a). This needs to be taken into consideration when drawing 247 
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conclusions from method optimisation tests and for this reason we consider as a significant 248 

difference in the recovery efficiency (calculated based on peak intensities) only a difference that is 249 

>25%. While for target analytes, in general, there were not significant differences between the use 250 

of methanol or a methanol/dichloromethane mixture (data and discussion on individual compounds 251 

can be found in the supplementary materials, see section S1 for more information), for real aerosol 252 

samples methanol showed the best performances in terms of ability to extract compounds, thus 253 

generating a larger number of detected molecular formulas. These results can be explained by a 254 

high enough solubility of target compounds in methanol (Acree, 2013) and a generally better 255 

solubility in methanol of the organic compounds present in the aerosols. 256 

 257 

3.2 Target analysis of PM2.5 samples 258 

PM2.5 samples from the summer 2014 and winter 2015 campaigns were analysed with the method 259 

developed here (direct infusion APPI(+)-HRMS) for detection of PAHs, nitro-PAHs and oxy-260 

PAHs. Results of the analysis are summarised in Table 1 and Figure 2. Only detection of 261 

unsubstituted PAHs was compared with concentrations in PM2.5, determined using the standardised 262 

analytical method (EN 15549:2008), obtained from ARPA Veneto, the Regional Environmental 263 

Agency, as concentrations of nitro- and oxy-PAHs are not routinely determined. Among all 264 

samples, 12 peaks were detected corresponding to molecular formulas of target PAHs, nitro-PAHs 265 

and oxy-PAHs (Figure 2). The most frequently detected peak corresponds to the molecular formula 266 

C20H12, which could be associated with benzo[a]pyrene, benzo[b]fluoranthene and 267 

benzo[k]fluoranthene, present at the highest concentrations in these sample series. As expected, 268 

summer samples were depleted in PAHs due to higher temperatures (average temperature >20 °C), 269 

faster photochemical degradation and lower emissions (Menichini, 1992). 270 

It is worth noting that no peak was detected for C18H12, corresponding to benz[a]anthracene and 271 

chrysene, and C22H12, corresponding to benzo[ghi]perylene and indeno[1,2,3-cd]pyrene in samples 272 
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Q5, FP3 and FP5, despite they were at concentrations comparable with those of C20H12, according 273 

to the ARPA Veneto analysis (Table 1). All these isomers exhibited a low response, so that 274 

measured concentrations fall around our estimated detection limits (0.79-25 ng/m3 for a sampled 275 

volume of 55 m3 used in this study). In this respect even small differences in the total concentration 276 

of isomers as well as distribution in isomers with a different instrumental response (two structural 277 

isomers for C18H12, three structural isomers for C20H12 and two structural isomers for C22H12) can 278 

affect the detection ability. Another explanation for not detecting some unsubstituted PAHs in real 279 

samples could be the competitive ionisation and ion suppression that are common when analysing 280 

complex mixtures with direct infusion into an ionisation source (Laskin et al., 2018). 281 

 282 

Table 1. Comparison between PAHs detected (blue cells, increasing darkness indicates increasing peak 283 

intensities in three levels: light-blue <103, blue 103-104 and dark-blue >104) in PM2.5 samples from Padua (Italy) 284 

with APPI(+)-HRMS and concentrations of PAHs (numbers in the table) obtained from ARPA Veneto in ng/m3 285 

for samples collected in in summer 2014 and winter 2015, and in which both analyses were available. 286 

Neutral formula Compound Summer samples Winter samples 

 
 Q1 Q5 FP3 FP5 

C18H12 
Benz[a]anthracene/ 

Chrysene 

0.06/ 

0.14 

0.05/ 

0.11 

5.39/ 

4.82 

4.85/ 

4.23 

C20H12 

Benzo[b]fluoranthene/ 

Benzo[k]fluoranthene/ 

Benzo[a]pyrene 

0.11/ 

0.05/ 

0.07 

0.10/ 

0.04/ 

0.07 

4.92/ 

2.59/ 

5.02 

4.56/ 

2.47/ 

5.01 

C22H12 
Benzo[ghi]perylene/ 

Indeno[1,2,3-cd]pyrene 

0.09/ 

0.08 

0.09/ 

0.05 

4.71/ 

3.66 

4.70/ 

3.48 

C22H14 Dibenz[a,h]anthracene <0.02 <0.02 0.40 0.38 

 287 

 288 
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 289 
Figure 2. Peak intensities of the target PAHs, nitro-PAHs and oxy-PAHs detected with APPI(+)-HRMS in PM 2.5 290 

samples from Padua (Italy) in summer 2014 and winter 2015 campaigns. 291 

 292 

Indeed, the method presented here does not provide quantitative information on PAHs as opposed 293 

to classical fluorescence-based techniques, but it allows a fast detection of nitro- and oxy-PAHs that 294 

are not amenable to fluorescence detection without a labour-intensive derivatisation step 295 

(Delhomme et al., 2007). Although for non-oxidised PAHs this method would need to be improved 296 

in future studies to achieve LODs comparable with reference methods, it clearly shows that 297 

oxidised PAHs are present (Figure 2) in samples collected during the winter time when emissions of 298 

their precursors from combustion of fossil fuels and biomasses are higher. These compounds, 299 

indeed, were not detected in summer samples probably because of lower emissions of their 300 

precursors and faster degradation due to higher temperatures and stronger irradiation (see Table S2 301 

for solar irradiance and temperature data). 302 

In conclusion, APPI-HRMS was able to detect 12 molecular formulas corresponding to target 303 

compounds, of which six PAHs, five oxy-PAHs and one nitro-PAH. 304 

 305 

3.3 Non-target analysis of PM2.5 samples 306 

All summer and winter samples were analysed with both APPI-HRMS and nanoESI-HRMS in 307 

positive and negative ionisation. The majority of the peaks in the mass spectra was below m/z 350, 308 

with only few peaks between m/z 350 and 450, and almost no peaks at m/z > 450. These results are 309 

in contrast with biogenic aerosols generated in smog chambers (Kourtchev et al., 2015, 2014a) or 310 
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collected in remote locations, such as the boreal forest (Kourtchev et al., 2016), where high 311 

molecular weight compounds were observed under certain atmospheric conditions. Results are 312 

instead in line with other studies from urban locations (Kourtchev et al., 2014b; Tong et al., 2016).  313 

In order to have an overview of the results obtained with different ionisation sources and polarities, 314 

the discussion is outlined considering the common ions of six summer samples (Q1, Q2, Q3, Q5, 315 

Q6 and Q7) and the common ions of five winter samples (FP2, FP3, FP4, FP5 and FP6). Detailed 316 

comments about sample-to-sample variability due to different environmental conditions are not the 317 

focus of this study. The common ion discussion presented here is an indication of typical 318 

compounds for summer and winter, respectively.  319 

 320 

3.3.1 Comparison between APPI-HRMS and nanoESI-HRMS 321 

ESI-HRMS is widely used for aerosol characterisation and it provides information on oxidised 322 

organic component (Kourtchev et al., 2014b; Laskin et al., 2016, 2018; Romonosky et al., 2015). 323 

Due to the mechanism of ion generation (Awad et al., 2015), ESI performs less well in the 324 

determination of the non-polar compounds. In contrast, these compounds could be ionised with 325 

APPI. Here we compare the two ionisation sources to assess what kind of information the use of 326 

APPI may bring in addition to ESI for the characterisation of an urban atmospheric aerosol.  327 

In nanoESI, the majority of compounds were detected as quasimolecular ions, while [M+Na]+ 328 

adducts represented about 13% of the total molecular assignments, of which about 1% were unique 329 

assignments and 12% were also detected as [M+H]+, in positive ionisation mode. Concerning APPI 330 

in both positive and negative ionisation modes, quasimolecular and molecular ions were about 80% 331 

and 20% of the peaks detected (in number), respectively. 332 

In Table 2 the number of identified molecular formulas for each compound class from both summer 333 

and winter samples are reported. The main chemical information (as mean, 1st quartile and 3rd 334 

quartile values) extractable from HRMS data is summarised in Table 3. In general, nanoESI 335 
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provided a larger number of formulas than APPI (see last row in Table 2). Figure 3 shows the 336 

overlap and specificity of the different ionisation sources and ionisation modes used in this study. It 337 

is worth noticing that while there is some overlap between the molecular formulas identified in the 338 

samples using the different sources and ionisation modes, the vast majority are mutually exclusive. 339 

However, while in the winter samples the number of inferred molecular formulas was comparable 340 

between the two sources, in the summer samples APPI detected 90% less molecular formulas 341 

compared with nanoESI. While the low flow rates used for nanoESI-HRMS analysis may help in 342 

increasing the overall sensitivity of the instrumental technique, this is not sufficient to explain the 343 

strong seasonal differences in detection ability. The significantly lower number of identified 344 

molecular formulas by APPI-HRMS in the summer samples could be explained instead by a limited 345 

presence of compounds that can be photoionised (see also section 3.2). This can be due to lower 346 

emissions of photoionisable compounds, their faster degradation in summer due to an increased 347 

photo-reactivity, and the non-condensation/adsorption of these compounds onto the aerosol 348 

particles due to higher temperatures.  349 

 350 

 351 
Figure 3. Venn diagrams showing the overlap and specificity of the different ionisation sources (nanoESI vs. 352 

APPI) and ionisation modes (positive polarity vs. negative polarity) used for the characterisation of both summer 353 

(a) and winter (b) samples. 354 

 355 
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Table 2. Elemental composition of PM2.5 resulting from the common ions among six summer 2014 samples and 356 

among five winter 2015 samples, retrieved from nanoESI and APPI-HRMS analysis in both positive (+) and 357 

negative (-) ionisation. 358 

Compound

class 
Number of molecular assignments and relative percentage (%) 

 
Summer samples Winter samples 

 NanoESI(+) NanoESI(-) APPI(+) APPI(-) NanoESI(+) NanoESI(-) APPI(+) APPI(-) 

CH 4 (0.6%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 5 (0.5%) 0 (0.0%) 14 (3.0%) 0 (0.0%) 

CHN 30 (4.2%) 1 (0.1%) 2 (2.7%) 11 (11.0%) 128 (12.1%) 1 (0.1%) 13 (2.8%) 68 (7.5%) 

CHO 282 (39.6%) 275 (25.2%) 51 (68.0%) 28 (28.0%) 357 (33.7%) 
346 

(36.1%) 

282 

(60.5%) 

421 

(46.2%) 

CHNO 386 (54.1%) 520 (47.7%) 16 (23.6%) 41 (41.0%) 568 (53.7%) 
506 

(52.8%) 

153 

(32.8%) 

418 

(45.9%) 

CHNSO 11 (1.5%) 106 (9.7%) 5 (6.7%) 14 (14.0%) 0 (0.0%) 25 (2.6%) 2 (0.4%) 4 (0.4%) 

CHSO 0 (0.0%) 189 (17.3%) 1 (1.3%) 5 (5.0%) 0 (0.0%) 80 (8.4%) 2 (0.4%) 0 (0.0%) 

Total 713 (100%) 1091 (100%) 75 (100%) 100 (100%)
1058 

(100%) 
958 (100%) 466 (100%) 911 (100%) 

 359 

NanoESI(+) detected CHN peaks more efficiently than APPI(+), and this fact was more evident for 360 

winter samples (12% of the molecular formulas vs. 3%). NanoESI(+) is sensitive to low oxidised, 361 

aliphatic compounds such as aldehydes, ketones and amines. Those compounds may be detected 362 

with APPI(+) only if they are photoionisable which is not necessarily the case. Consequently, 363 

nanoESI(+) can show higher values of H/C in the samples compared with other sources and 364 

ionisation modes (Table 3). 365 

 366 

 367 

 368 

 369 

 370 

 371 

 372 

Table 3. Mean values (1st quartile/3rd quartile) of O/C, H/C, double bond equivalent (DBE), carbon oxidation 373 

state (������c) and aromaticity index (AI) of the data for PM2.5 samples from summer 2014 and winter 2015 374 
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analysed with both APPI-HRMS and nanoESI-HRMS in both polarities. The largest value for each parameter is 375 

highlighted in bold. 376 

  O/C H/C DBE ������� AI 

  
mean 

(1st/3rd quartile) 

mean 

(1st/3rd quartile) 

mean 

(1st/3rd quartile) 

mean 

(1st/3rd quartile) 

mean 

(1st/3rd quartile) 

Summer APPI(-) 
0.32 

(0.14/0.47) 

1.44 

(1.14/1.72) 

5.35 

(3.00-8.00) 

-0.81 

(-1.20/-0.44) 

0.44 

(0.00-0.44) 

 APPI(+) 
0.20 

(0.09/0.25) 

1.55 

(1.30/1.90) 

4.68 

(2.00/7.00) 

-1.15 

(-1.53/-0.88) 

0.21 

(0.00/0.29) 

 NanoESI(-) 
0.73 

(0.46/0.91) 

1.35 

(1.03/1.63) 

4.63 

(3.00/6.00) 

0.10 

(-0.35/0.5) 

0.11 

(0.00-0.08) 

 NanoESI(+) 
0.28 

(0.16/0.38) 

1.58 

(1.38/1.80) 

4.13 

(3.00/5.25) 

-1.03 

(-1.35/-0.71) 

0.12 

(0.00/0.20) 

Winter APPI(-) 
0.33 

(0.13/0.43) 

0.99 

(0.69/1.20) 

7.66 

(5.00/10.00) 

-0.33 

(-0.68/0.00) 

0.64 

(0.00/0.69) 

 APPI(+) 
0.21 

(0.10/0.28) 

1.28 

(0.93/1.64) 

6.84 

(4.00/9.00) 

-0.85 

(-1.27/-0.47) 

0.39 

(0.04/0.54) 

 NanoESI(-) 
0.60 

(0.38/0.78) 

1.13 

(0.88/1.33) 

6.44 

(4.00/8.00) 

0.08 

(-0.29/0.40) 

0.21 

(0.00/0.40) 

 NanoESI(+) 
0.19 

(0.09/0.25) 

1.21 

(0.94/1.44) 

7.07 

(5.00/9.00) 

-0.84 

(-1.13/-0.56) 

0.39 

(0.18/0.58) 

 377 

Notably, APPI(+) showed a small but significant presence of CH compounds not highlighted by 378 

nanoESI, as photoionisation does not need heteroatoms in the molecular structure to form ions, but 379 

rather favourably ionises structures with unsaturation and π-delocalisation. However, APPI(-) 380 

detected many more compounds than APPI(+), which is likely due to the presence of highly 381 

oxidised compounds in the aerosol, e.g. oxy-PAHs, that may carry functional groups promoting the 382 

ionisation in negative mode.  383 

Both ionisation sources, in both positive and negative modes, can detect oxidised compounds. 384 

However, it is not straightforward to make hypothesis on the molecular structures corresponding to 385 

the identified molecular formulas in complex atmospheric aerosol samples. Therefore, metrics such 386 

as DBE and AI were developed. The AI is a measure of C–C double-bond density and it considers 387 

the contribution of π-bonds by heteroatoms. It has two threshold values as indicators for the 388 
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existence of aromatic (AI>0.5) and poly-aromatic compounds (AI>0.67) (Koch and Dittmar, 2006; 389 

Tong et al., 2016). AI has been shown to represent a lower limit of the actual aromaticity in a 390 

molecule. The DBE and AI descriptors goes hand in hand in this study (Table 3), with APPI(-) 391 

presenting the highest values of both descriptors in the analysed samples. Therefore, the compounds 392 

responsible for this result are most likely oxidised aromatic and poly-aromatic compounds. 393 

Finally, nanoESI(-) is the most sensitive ionisation technique/mode for oxidised compounds, and 394 

thus, in these samples, it shows the highest values of O/C and OS����c (Table 3), a particular useful 395 

metric to describe the degree of oxidation of atmospheric organic species (Kroll et al., 2011). As 396 

expected, nanoESI(-) was sensitive also to oxidised S-containing compounds (Holčapek et al., 397 

2010). While an extensive comparison of the performances of nanoESI and APPI, in both ionisation 398 

modes, for S-containing compounds was not done, the highest detection efficiency of nanoESI(-) 399 

displayed in this study is likely interlinked with a high oxidation state of S-containing compounds 400 

in the aerosol samples. 401 

 402 

3.3.2 Chemical characterisation and seasonality 403 

Concerning the overall composition of summer and winter samples, CHO and CHON were the most 404 

numerous molecular formulas identified in both seasons and in all conditions of analysis (Table 2). 405 

Non-oxygenated molecular formulas, i.e. CH and CHN compounds, contributed marginally to the 406 

detected chemical composition of the samples and their contribution strongly decreased in the 407 

summer samples compared with winter samples due to enhanced photo-reactivity in the warm 408 

season and possibly lower emissions of anthropogenic precursors. Conversely, the CHSO and 409 

CHNSO groups (combined) increased from 11% of molecular formulas identified in the winter 410 

samples to 27% in the summer samples (Table 2). Organosulfates (-SO4) and sulfuric acid 411 

derivatives (-SO3), efficiently produced in summer season from photochemical reactions of VOCs 412 

with SO2 (concentrations in the summer ranged between 0.7-1.2 ppb with diesel and petrol fuel use 413 
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for road transport likely as main sources (European Commission, 2018; Giorio et al., 2015b)) and 414 

heterogeneous reactions of organic peroxides with acidic sulfate (Hettiyadura et al., 2017; 415 

Kristensen and Glasius, 2011; Meagher et al., 1983; Rincón et al., 2012; Zhang et al., 2012), are 416 

likely dominating these sub-classes of compounds. 417 

In summer samples, the chemical profiles are characterized by larger O/C and H/C values (Table 3). 418 

Figure 4 shows the OS����c vs. number of carbon atoms in both summer and winter samples analysed 419 

with nanoESI-HRMS and APPI-HRMS. Summer samples are characterised by a high data density 420 

at high OS����c and low carbon number (Figure 4b). The corresponding molecular formulas could be 421 

related to highly oxidised compounds, better ionised by nanoESI(-), formed in the aerosol through 422 

reactions of fragmentation and functionalisation, increasing the oxidation of the structures and 423 

simultaneously decreasing the molecular weight. In the same samples, a high data density can be 424 

observed at higher molecular weights and lower OS����c (Figure 4). These identified molecular 425 

formulas may be related to compounds (better ionised by nanoESI(+)) of primary biogenic origin, 426 

e.g. long chain fatty acids and other components of plants’ cuticle (Giorio et al., 2015a; Jetter et al., 427 

2006), which can be seen also in the zone of the Van Krevelen diagram in Figure 5 with high 428 

density of data at high H/C and low O/C values, or produced in the aerosol by reactions of 429 

oligomerisations, which drive the formation of high molecular weight structures, characterized by 430 

lower OS����c (Hall IV and Johnston, 2012; Kalberer et al., 2004; Kourtchev et al., 2015). On the other 431 

hand, the number of molecular formulas identified with APPI-HRMS in summer samples is low and 432 

spread on the diagram plane (Figure 4a).  433 

In winter samples, APPI, especially in positive ionisation, identified a large number of molecular 434 

formulas characterised by low OS����c and high molecular weight (Figure 4c), thus providing additional 435 

information compared with nanoESI-HRMS. The compounds generating the identified molecular 436 

formulas are unlikely to be formed through oligomerisation reactions, as evidenced by the Kendrick 437 

Mass Defect (KMD) plots in Figures S3 and S4, but are rather primarily emitted aromatic 438 
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compounds (see section S2 for more information). This is supported also by the results of the target 439 

analysis (section 3.2). In winter, primary emissions from biomass and fossil fuel burning are more 440 

important, producing PAHs and substituted PAHs better ionisable with APPI. AI is higher in winter 441 

samples, and especially in APPI(-), suggesting the presence of oxidised aromatic and poly-aromatic 442 

compounds in the samples. 443 

 444 

 445 
Figure 4. Carbon oxidation state (������c) vs. number of carbon atoms (#C) for summer samples analysed with 446 

APPI-HRMS (a) and nanoESI-HRMS (b) and for winter samples analysed with APPI-HRMS (c) and nanoESI-447 

HRMS (d) in both negative (-) and positive (+) polarities. 448 

 449 

This is better shown by the Van Krevelen plots reported in Figure 5, showing the AI values as a 450 

colour scale, for both summer and winter samples analysed with APPI-HRMS and nanoESI-HRMS. 451 

In general, plots for APPI-HRMS and nanoESI-HRMS exhibited the same general features (by 452 

comparing the same polarity) for the winter samples (Figure 5). APPI(-), especially in winter, 453 
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showed a markedly different feature with a high density of data in the zone of the plot with low H/C 454 

and O/C values corresponding to molecular formulas with high AI. This observation is related to the 455 

presence of a large number of aromatics (AI>0.5) and poly-aromatics (AI>0.67). Some of these 456 

aromatics are ionised also by nanoESI-HRMS in both polarities. Since the vast majority of these 457 

molecular formulas has O/C>0, the corresponding compounds can contain functional groups that 458 

can be easily ionised with nanoESI as well as with APPI.  459 

For both ion sources, negative polarity covered a wide range of O/C values (up to 2) in both 460 

seasons, whilst positive polarity produced formulas with relatively low O/C (<1). NanoESI(+) 461 

identified a large number of formulas without oxygen, mainly CHN molecular formulas (Table 2). 462 

The area characterized by high H/C is richer in molecular formulas in the summer samples 463 

compared with the winter samples, as evidenced by nanoESI. Those formulas mainly correspond to 464 

N-containing compounds, e.g. CHNO and CHNSO, as evidenced also in previous studies in urban 465 

locations and possibly produced through photochemical oxidation reactions in the atmosphere 466 

(Kourtchev et al., 2014b; Rincón et al., 2012). 467 

This study shows that the use of the APPI source, in addition to ESI, can bring new insights into the 468 

composition of urban atmospheric aerosols especially for non-polar and oxidised aromatic 469 

compounds that are better ionised with APPI.  470 

 471 
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 472 
Figure 5. Van Krevelen diagrams (H/C vs. O/C) with Aromaticity Index (AI) values of the common ions detected 473 

in PM2.5 samples from summer 2014 and winter 2015 analysed with APPI-HRMS and nanoESI-HRMS in both 474 

positive (+) and negative (-) polarities. AI>0.5 (purple) corresponds to non-aromatics, 0.5<AI<0.67 (blue) 475 

corresponds to mono-aromatics and AI>0.67 (orange) corresponds to poly-aromatics. 476 

 477 

4 Conclusions 478 

A new method has been proposed for the analysis of aerosol sample extracts by direct infusion 479 

APPI-HRMS for the determination of PAHs, nitro-PAHs and oxy-PAHs. The proposed method has 480 

been successfully applied to the analysis of PM2.5 samples from an urban location in the northern 481 

Italian Po Valley, and it was able to detect 12 molecular formulas corresponding to target 482 

compounds, of which six PAHs, five oxy-PAHs and one nitro-PAH. 483 

The study has then been extended to the non-target analysis of PM2.5 samples to assess the role of 484 

the ion source (APPI vs. nanoESI) in depicting specific characteristics of aerosol composition. 485 
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In general, for the analysed aerosol samples, nanoESI in negative polarity was the most sensitive 486 

and provided better information on molecular formulas characterised by high O/C and OS����c, 487 

including those of the CHSO and CHNSO groups. In positive polarity, nanoESI can quite 488 

efficiently provide information on molecular formulas characterised by high H/C, including CHN 489 

formulas, whereas APPI was sensitive to unsaturated and especially poly-aromatic compounds, 490 

nitro- and oxy-derivatives. 491 

APPI did not provide any additional information on the composition of summer samples that were 492 

characterised by molecular formulas possibly originated from highly oxidised organic compounds, 493 

including S-containing compounds, better ionised in nanoESI(-). Conversely, for winter samples, 494 

APPI can appreciably reveal a series of aromatic and poly-aromatic compounds, including non-495 

substituted aromatics (CH compounds), that were not ionised with nanoESI. These compounds are 496 

better ionised in negative polarity indicating that they are aged/oxidised aromatic compounds. Thus, 497 

it is worthwhile to analyse aerosol samples with APPI, as well as with ESI, to obtain a more 498 

complete picture of the chemical composition.  499 

 500 
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• Determination of particle-bound PAHs, nitro-PAHs and oxy-PAHs in PM2.5 samples 

• Comparison between nanoESI and APPI sources in HRMS 

• Automatic data processing scheme for both nanoESI and APPI-HRMS data 

• APPI did not add information for highly oxidised organic compounds compared to nanoESI  

• APPI(-) can highlight oxidised and nitrogenated PAHs better than nanoESI 

 


