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1. Introduction

Molecular Composition of Organic Aerosols at Urban Background
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Spectrometry
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Francis D. Popeb, Roy M. Harrisonbﬁ, Markus Kalberer ®*

Organic aerosol composition in the urban atmosphere is highly complex and strongly influenced by vehicular emissions
which vary according to the make-up of the vehicle fleet. Normalized test measurements do not necessarily reflect real-
world emission profiles and road tunnels are therefore ideal locations to characterise realistic traffic particle emissions
with minimal interference from other particle sources and from atmospheric aging processes affecting their composition.
In the current study, the composition of fine particles (diameter <2.5 um) at an urban background site (EIms Road
Observatory Site) and a road tunnel (Queensway) in Birmingham, UK, were analysed with direct infusion, nano-
electrospray ionisation ultrahigh resolution mass spectrometry (UHRMS). The overall particle composition at these two
sites is compared with an industrial harbour site in Cork, Ireland, with special emphasis on oxidised mono-aromatic,
polycyclic aromatic hydrocarbons (PAHs) and nitro-aromatics. Different classification criteria, such as double bond
equivalents, aromaticity index and aromaticity equivalent are used and compared to assess the fraction of aromatic

components in the approximately one thousand oxidized organic compounds at the different sampling locations.

particle mass due to gas-to-particle conversion processes such as

oxidation reactions leading to less volatile organic compounds and

Aerosol particles are emitted into the atmosphere by natural and
anthropogenic processes and about 20-90% of submicron particles
are composed of organic material” %. Road traffic and especially
engine exhaust emissions are responsible for a substantial fraction
of urban submicron particles3. In addition to directly emitted
particles, combustion engines can emit significant amounts of

gaseous volatile organic compounds which can generate additional
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the formation of so-called secondary organic aerosol mass (SOA)4’5.
The chemical composition of road traffic related exhaust particles is
highly complex and especially the effects of SOA formation and
atmospheric aging, which alter the particle composition during their
entire lifetime, are not well understood. The particle composition
also depends on traffic characteristics such as vehicle fleet
composition and the type of fuel used or meteorological conditions
such as long range atmospheric transports’ 7. In addition to traffic
there are a large number of other natural and anthropogenic
sources contributing to urban particle mass. Assessment of the
most important particle sources and their contribution to the
ambient particle mixture is only possible through a detailed
chemical characterisation of ambient particles and the major
potential sources. Inhalation of these particles has been linked to a

8,9 . .
number of adverse health effects™ ~ and carcinogenic compounds
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such as polycyclic aromatic hydrocarbons (PAHs) and transition
metals are potentially responsible for their toxicitylo'lz.

Particles emitted by an average vehicle fleet at a specific
location can be assessed ideally with samples collected in road
tunnels because they provide a real-world mixture of vehicles and
driving conditions. Currently only a few studies have focused on

13, 14 .
. These studies

traffic emission in urban aerosol in the UK
utilized a range of traffic-specific organic markers, such as hopanes,
steranes and PAHs,, which allows source apportionment of different
traffic sources. However, the huge complexity of combustion
exhaust particles with thousands of organic compounds15 warrants
a broad characterisation of the organic particle composition to
potentially complement existing particle source profiles.

In our current study direct infusion negative nano-electrospray
ionisation (nanokESl) ultrahigh resolution mass spectrometry (UHR-
MS) was used to characterise and compare a broad range of particle
components in fine particles from a road tunnel, characteristic of
directly emitted vehicle exhaust particles, and an urban background
site in Birmingham, UK. The results show that in both sampling
locations a large number of oxidised mono-aromatic compounds
and PAHs are present with significant numbers of nitrogen-
containing aromatic compounds, especially in the tunnel samples.
In  contrast, sulfur-containing organics have greater relative
abundance at the urban background site, indicating the effect of

atmospheric aging processes or the presence of non-traffic sources.

2. Method

2.1 Sample collection and analysis

Sampling was conducted at the A38 Queensway Tunnel (QT)
and the Elms Road Observatory Site (EROS) in Birmingham, UK,
between September 11 and 21, 2012. Five filter samples were
analysed from each site (Table 1). More detailed information about
the sampling sites is given elsewhere (Pant et al., submitted).

Briefly, the Queensway tunnel is naturally ventilated, 545
metres long and in North/South direction allowing 50
kilometres/hour vehicle speed. It has two lanes on each side and a
25 m? cross-section. The daily traffic volume through the tunnel is
around 25000 vehicles (Pant et al., submitted). The aerosol
samplers were placed in the emergency layby area at a distance of
1.5 m from the road in the southbound lane. The EROS site was

chosen as an urban background site, located at 52.45° N, 1.93" W,
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about 3.5 km southwest of Birmingham city centre with no
significant particle sources in the immediate vicinity of the site. At
both sites 24 hour integrated PM, 5 aerosol samples were collected
on pre-baked 150 mm quartz filters (Whatman QM-A) using a high-
volume samplers (Digitel DHA-80) operating at a flow rate of 500 L
min™.

Organic carbon (OC) and elemental carbon (EC) concentrations
of all aerosol samples were determined using a Sunset Laboratory
thermal/optical carbon analyser using the EUSAAR2 protocol16 and
results are shown in Table 1.

Detailed information on the aerosol sample extraction and
UHRMS analysis can be founded elsewhere’. Briefly, a part of the
quartz fibre filter (357 sz) was extracted three times with 5 mL of
methanol (Optima® LC/MS grade, Fisher Scientific) under ultrasonic
agitation for 30 min in ice cold water. The extracts were combined,
filtered through a 0.2 pm ISO-Disc™ PTFE filter (Supelco, Bellefonte,
PA, USA), reduced by volume to the same OC concentration under a
gentle stream of nitrogen. The extracts were analysed using an
ultrahigh resolution LTQ Orbitrap Velos mass spectrometer (Thermo
Fisher, Bremen, Germany) equipped with a TriVersa Nanomate
robotic nanoflow chip-based electrospray ionisation (ESI) source
(Advion Biosciences, Ithaca NY, USA)m.

The Orbitrap MS was calibrated using an Ultramark 1621
solution (Sigma-Aldrich, UK) providing mass accuracy of the
instrument below 1 ppm. The instrument mass resolution was
100000 at m/z 400. The direct infusion, negative mode nanokESl
parameters were as follows: the ionization voltage and
backpressure were set at -1.4 kV and 0.8 psi, respectively. The inlet
temperature was 200 °c.

The mass spectral data analysis was performed using
procedures described in detail elsewhere v Briefly, for each sample
analysis, 60—90 mass spectral scans were averaged into one mass
spectrum. The high mass resolution and accuracy measurements
allows for an unambiguous assignment of formulas for most peaks
in the mass spectra up to a mass range of about m/z 450".
Molecular assignments were made using Xcalibur 2.1 software
(Thermo Fisher Scientific, USA) applying the following constraints

3252, *3<1. The double

0<**c<100, “’c<1, *H<200, *°0<50, *Ns<5,
bond equivalent (DBE) for each individual formula was calculated
using Xcalibur 2.1 software. All molar ratios, DBE factors and
chemical formulae presented in this paper refer to neutral

molecules. Data processing was performed using a Mathematica
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10.1 (Wolfram Research Inc., UK) code developed in-house that
employed several conservative rules and constraints to identify
unambiguous elemental formulas for measured accurate mass
spectral peaks as discussed in more detail in our previous studies™”

2 Briefly, the assigned formulas were checked to satisfy the

13 34
C or 'S were

nitrogen-rule. Elemental formulae containing
checked for the presence of L2¢ or s counterparts respectively,
and if they were not present the formula with the next larger mass
error was considered. The background spectra obtained from the
procedural blanks were also processed using the rules mentioned
above. The formulae lists of the background spectra were
subtracted from those of the ambient samples and only formulae

with a sample to background ratio >10 were retained’”%.

The samples from the two Birmingham site are compared to
aerosol collected at an industrial harbour site in Cork, Ireland. The
sampling and analysis of these samples are described elsewhere in

detail®®,

2.2 Interpretation of direct-injection electrospray

ionisation high-resolution mass spectrometry data

Only ions found in all five tunnel or all five background
samples, respectively, referred to as ‘common ions’ in the text,
were considered in the analysis presented here. These common
ions represent the compounds present in the aerosol at a specific
site over several days, which ensures they represent a typical
average traffic source profile and an average urban organic
background profile, respectively.

Electrospray ionisation UHRMS is a highly sensitive mass
spectrometry technique to analyse polar compounds and due to its
soft ionisation process analyte fragmentation is minimal, which
allows characterisation of complex without

samples prior

. . 21,22,23
chromatographic separation

. However, non-polar compounds
(such as alkanes or non-oxidised aromatic compounds) cannot be
ionised and measured with ESI or only with very poor ionisation
efficiencies®. In addition, all ESI techniques are prone to matrix
effects, which cause varying ionisation efficiency (and therefore

signal intensities) depending on the overall sample composition (i.e.

matrix). By considering common ions only we minimize sample-to-
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sample variations due to these matrix effects and obtain mass
spectra representative for the respective sampling locations.

This study aims to compare and contrast differences in the
chemical composition of the about 1000 common ion formulae
measured at the three urban sites. This reflects the chemical
diversity and complexity of particles at the various sampling sites
but does not allow for inferring concentrations of compounds due

to the ionisation efficiency effects discussed above (matrix effects).

3. Results and discussion

A main emphasis of this study is to characterise the very broad
and complex composition of oxidized organic compounds
(formulae) in the Birmingham tunnel samples and compared them
with the aerosol composition at the Birmingham urban background
and the Cork harbour sites with the goal to identify compositional
influences of traffic exhaust emissions (i.e. the tunnel samples) on
ambient urban particle composition.

The mass spectra in Figure 1a and 1b show common ions of
the five samples collected at the background and the tunnel site. As
described above, the common ions represent those mass spectral
peaks that are present over several days at the locations and can
thus be seen as robust profile for the average traffic source at the
Queensway tunnel in Birmingham (Figure 1b) and average
Birmingham urban background composition (Figure 1a). In total
about 970 and 1000 common ions were detected in the background
and tunnel samples, respectively.

Figure 1 clearly shows that formulae containing only C, H and O
atoms (i.e. containing no nitrogen and sulfur functional groups, red
peaks in Figure 1) are the dominant formula subgroup in both the
urban background and the tunnel particles with a fraction of ~ 40%
and ~ 44% (384 and 439 ions) respectively. This compares to an
earlier study where we observed about 60% of all ions in the CHO-
subgroup at an industrial harbour site in Cork, Ireland.

N-containing formulae (CHON subgroup) make up about 28%
of the background sample and 39% of the tunnel sample (see more
detailed discussion below). In contrast, S-containing organics (i.e.
CHOS and CHONS subgroups) were more prominent in the urban
background samples compared to the tunnel samples. This is likely
reflecting the

longer atmospheric aging and heterogeneous
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reactions of particle components collected at the background site
with sulphate and sulfuric acid present in greater abundance in
urban background particles compared to particles at the tunnel site
which represent more direct emission conditions with low sulfur
content”™ %,

There is significant overlap between the number of molecular
formulae (including N and S-containing organics) at both the
Birmingham tunnel and the background site (¥60%), as shown in
the Venn diagram (Figure 1c), indicating that the chemical
composition of particles at the background site might be
significantly impacted by traffic emissions. It must be noted,
however, that the online ESI-MS technique used in this study is only
semi-quantitative as discussed above and therefore additional (e.g.

chromatography) analyses would be needed to confirm these

similarities on a quantitative level.

Figure 2 shows van Krevelen plots for the common ions of the
Birmingham background, the tunnel and the Cork samples where
H/C (hydrogen to carbon) versus O/C (oxygen to carbon) elemental
ratios of all formulae detected in these samples indicate the degree

. . 17, 18, 27, 28
of oxidation

. The color code in Figure 2 indicates the
double bound equivalent (DBE) value of each formula. The DBE is

29
calculated as

DBE=1-28 4 Bv g 85y N (1)
2 2 2

Where ‘N’ is the number of atoms (C, H, N, and S) in a formula of

CHROON,S,.

The less oxidised and hydrogen-rich formulae (H/C>1.5) at all
three locations are likely aliphatic compounds. Previous studies that
utilised UHRMS attributed some of these molecules to fatty acids™”
0, Fatty acids are a signature of a number of primary natural
sources, including marine biota31, plant waxes32, and combustion of
biomass material®® ** Although less abundant than in the
background site, a significant number of these aliphatic compounds
are also found in the tunnel sample suggesting that vehicle
emissions are also a potential source of these saturated aliphatic
compounds.

Formulae with 0<H/C<1.0 and O/C<0.5 (dotted-line squares in
Figures 2a, 2b, 2c) dominantly have high DBE values (27.0), which is

consistent with oxidized polycyclic aromatic hydrocarbons (PAHs;
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the smallest PAH, naphthalene, C,oHg has an H/C of 0.8 and 7 DBE).
The highest number of these PAH-like compounds is found in the
tunnel samples with 480 ions (48% of all peaks in the tunnel
samples), compared to only 186 ions in the urban background
samples (19%). The samples from Cork harbour contains 110 ions in
the PAH range (38%). The comparable fraction of high-DBE
formulae in the tunnel and Cork harbour samples likely reflects the
traffic and industrial activity influencing particle composition at

these sites.

To evaluate further whether this large number of formulae
with high DBEs are indeed of oxidized (poly-)aromatic structure the
formulae in the CHO subgroup were probed in more detail. Figure
3a-3c shows the H/C ratio of all CHO subgroup formulae as a
function of their molecular weight and Figure 3d-3f the O/C ratio at
all three locations. Figure 3a (Birmingham urban background) and
3b (Birmingham tunnel) show that H/C of most of the formulae are
larger than 1.0. Only a small fraction of the formulae (~ 21% for
background and ~ 36% for tunnel) have H/C<1.0. Figure 3 clearly
shows that most formulae with a DBE > 10 have molecular masses >
200 Da, which is consistent with slightly oxidized 3-ring PAHs (e.g.,
dihydroxy-anthracenes) and larger polyaromatics. A similar profile
of high-mass, high-DBE formulae is present in the Cork harbour
samples (Figure 3c, 3f).

The vast majority of the high-DBE (PAH-like) compounds have
low or moderate O/C ratios with values mostly between 0.2 — 0.5.
This is rather low compared to many other, often highly oxidized

18, 35
. For PAHs, however,

organic compounds in ambient aerosols
these O/C ratios represent a high degree of oxidation: using again
the example of anthracene (Cy4H10), an O/C ratio of about 0.3 would

correspond to 4-5 oxygen atoms in the molecule.

DBE and molecular mass can however be inadequate to
identify whether a specific molecular formula is potentially a (poly-)
aromatic structure. Therefore, two parameters were developed in
recent years, the Aromaticity Index (Al) and Aromaticity Equivalent
(X.) to characterize aromatic and poly-aromatic compounds in

%37 The Al is a measure of the

highly complex compound mixtures
C-C double bond density by considering the contribution of
heteroatoms to n—bonds, which normally has a range of 0 to 1. The
Al can be calculated for each formula determined in a UHRMS

. 36
spectrum and is calculated as
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__ DBE,; _ 1+N¢—No—Ng—0.5Ny 2)

Cai Nc—=No—Ns—Ny

Al

Where the ‘N’ in equations (2) to (5) is the atom number for H, C, O,
N, or S. DBE, is the minimum number of C-C double bonds plus
rings in the molecule. The DBE, and C, were calculated through

following equations:

DBE, = 1+ Ng — Np — Ng — 05N, (3)
Car =N¢—No —Ny —Ng (4)

The Al value of > 0.5 is indicative of aromatic compounds and Al >
0.67 of PAHs. However, for (poly-)Jaromatic compounds with
significant alkylation Al values drop below these thresholds and can
thus be wrongly assigned as non-aromatic structures. To avoid such
mis-classifications an improved “Aromaticity Equivalent” parameter
X has been proposed37. X. normally has values between 0 and 3.0

and is calculated by the following equation37:

_ 3(DBE-mN,-nNg)-2

Xc
DBE-mNgp—nNg

(5)

Where the parameters of ‘m’ and ‘n’ in equation (5) account for the
fraction of oxygen and sulfur atoms involved in m—bond structures
of a compound and are different for different functional groups. For
carboxylic acid, ester, and nitro functional groups m=n=0.5"". For
compounds with other functional groups such as aldehydes,
ketones, nitroso, cyanate, alcohol, or ethers ‘m’ and ‘n’ need to be
adjusted to 1 or 0. Because electrospray ionisation, used in this
study, is most sensitive to carboxylic acids the X, analysis below was
performed assuming m=n=0.5. When the molecular formula had an
odd number of oxygen or sulfur, the sum (mNg+nN;) in equation (5)

was rounded down to the closest integer as detailed elsewhere 7,

The DBE values versus the number of carbon atoms as well as
Al values for all CHO subgroup formulae in the Birmingham
background and tunnel samples are shown in Figure 4a. The peak
intensity is indicated by the size of symbols and naphthalene (C1oHg)
and anthracene (Cy4H1,) are shown as red crosses in Figure 4a and
4b. The vast majority of compounds at the background site (circles)
have very low DBE (< 5) and Al (< 0.5, grey symbols) values

demonstrating the low abundance of oxidised mono-aromatics and

This journal is © The Royal Society of Chemistry 20xx

PAHs at this site. There is only a limited number of formulae with Al
values of 0.53 - 0.67 (32 formulae) and > 0.67 (6 formulae) in the
background sample, which are the thresholds for mono-aromatics
and polyaromatics, respectively. This is in contrast to the tunnel
samples (Figure 4a, triangles) where a larger number of formulae
have Al values of 0.53 - 0.67 (65 formulae; mono-aromatics) and Al
> 0.67 (22 formulae) indicating the presence of more oxidised PAHs
than at the background site.

Figure 4b shows the same data as Figure 4a but the color code
indicates the value of X.. Using the X, classification there are 128
formulae in the background samples with an X, value between 2.5
and 2.71 (indicative of mono-aromatics), significantly more than the
Al classification suggests. Similarly, X, suggests that more PAHs are
present in the background sample than the Al classification with 44
formulae having X, > 2.71. The tunnel samples also contain a larger
number of formulae consistent with mono-aromatic (173 formulae,
blue and brown triangles, Figure 4b) and poly-aromatic structure
(106 formulae, pink and purple triangles, Figure 4b).

The considerably larger number of PAHs identified using the X,
classification compared to the Al suggests that there is a large
number of alkylated PAHs, which are wrongly assigned as non-
aromatic by the Al classification.

Figure 4a and 4b highlight the advantage of the Al and
especially of the X, classification compared to using only DBEs as
indicator of aromaticity or PAHs. When only considering DBEs, all
formulae with a DBE > 7 have to be assumed to be potentially PAHs.
However, Figure 4 shows that there are a significant number of
formulae with 7 or more DBEs (76 formulae for the background and
101 formulae for tunnel samples), which cannot be explained by
polyaromatic structures using the more detailed concepts of Al or X,
(blue and green data points in Figure 4 with DBE >7).

Overall there are more mono-aromatics at the Birmingham
background and tunnel site (using X.) with 128 and 173 formulae,
respectively, than PAHs (44 formulae at background and 106 at
tunnel site). The much lower number of oxidised (poly-)aromatics at
the background site is likely due to dilution affecting the
background site more that the tunnel samples. Importantly, 41 of
the PAHs detected in the tunnel samples were also present at the
background site (out of 44 PAHs detected in the background
sample) suggesting that almost all PAHs detected at the background

site have a contribution from traffic exhaust sources.
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Figure 5 shows the H/C (a, b, and c¢) and O/C ratios (d, e, and f)
versus the neutral mass and X, of the Birmingham background (a
and d), Birmingham tunnel (b and e), and Cork harbour (c and f)
samples. This illustrates clearly the much larger number of mono-
aromatic compounds (blue and green data points) compared to
PAHs (pink to purple). The mass range and O/C ratio of mono-
aromatics shows the presence of a high degree of oxidation (O/C up
to ca. 0.7) and alkylation (molecular masses up to about 330 Da). In
contrast, oxidised PAHSs are less abundant and their lower H/C ratio
(compared to mono-aromatics) with values of mostly below 1
indicates a generally low degree of alkylation. The industrial
harbour site in Cork has a more balanced fraction of mono-

aromatics and PAHs.

The O/C ratios of organic compounds can be misleading when
assessing the degree of oxidation because non-oxidative reactions
(such as dehydrogenation) can change the O/C but may not affect
the degree of oxidation of a compound. Thus, an alternative metric,
the ‘carbon oxidation state’, has been applied to characterizer
aerosols composition38 and can be calculated through the following

equation:

Ni
Ne

0Sc=-Y05,

Where the OS¢ is the average carbon oxidation state. OS; is the
oxidation state associated with element I, N; and N¢ are moles of
elements i and of carbon, respectively. For the application of OS¢

to CHO subgroup formulae only, equation (6) can be simplified to:

ﬁczz%—% (7)

Where O/C and H/C are the elemental ratio of oxygen and
hydrogen to carbon, respectively. The carbon oxidation states of all
CHO subgroup formulae in the Birmingham background and tunnel
samples are shown in Figure 6, with their corresponding X as color

code. Especially in the tunnel samples aromatics and poly-aromatics

are generally at the higher end of the distributions of ﬁc values

for a particular carbon number and almost all PAHs (X, > 2.7) have a
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OSc>-0.6. Such high OSc 4re generally associated with semi-
or low-volatility aerosol components.

In general, upper limit ﬁc values are 1 for both Birmingham

samples, which is lower compared to pure secondary organic

aerosol (from chamber studies) where ﬁc goes up to 2,
demonstrating the relatively fresh nature of most components in
these urban particles and compared to remote locations where
long-range transport and oxidation cause a higher degree of

. . 30
oxidation™.

Besides CHO-containing compounds there are a considerable
number of organic compounds containing nitrogen and sulfur
(Figure 1). Figure 7 shows three different subgroups, (CHON, CHOS,
and CHONS), while CHN, CHS, and CHNS components are not
included because they account for < 0.5% of the total formulae in
the samples. At the Birmingham background site (Figure 7a) the
CHON subgroup is the dominant compound group with about 47 %
of all N- or S-containing formulae. Only a relatively small number of
components (81 CHON formulae, 7 CHOS formulae, 5 CHONS
formulae) have X, > 2.5 (at the background samples) and thus can
be categorized as N- or S-containing aromatic compounds. The
tunnel samples (Figure 7b) have much larger number fraction of
CHON components (391 formulae, ~ 70%) indicating a higher
degree of nitration. The higher number of aromatic structures (303
CHON formulae with X, = 2.5) in the tunnel samples supports the
presence of many nitro-(poly-)aromatics.

A comparison of Figure 3 (panels a, b, d and e) and Figure 7
shows that aromatic compounds in the Birmingham tunnel samples
with DBE<9, H/C<1, 0/C<0.7, and neutral mass <300 contain a
significant fraction of CHON subgroup formulae. In contrast, the
aromatic compounds in the urban background samples in the same
DBE, H/C, and O/C value range are mainly composed of CHO
subgroup formulae and only contain a small fraction of CHON,
CHOS, or CHONS components.

The most intensive N-containing compound in the mass
spectra from tunnel samples was an ion at m/z 138.01988 (RI> 65%)
with a molecular formula CgHsNO;, possibly corresponding to
nitrophenols (2-nitrophenol and/or 4-nitrophenol). Formulae with
likely the same core-structure but with additional one and two
methyl groups (i.e. C;H;NO; and CgHgNOs3) were also detected.

These compounds have been previously observed in aerosol from

This journal is © The Royal Society of Chemistry 20xx



urban locations e.g., Rome, Italyag, Mainz, Germany40 and Cork,
Ireland™® and were mainly attributed to traffic emissions. However,
nitrophenols were previously also found in various other sources
including decomposition of herbicides and insecticides and burning
of coal and wood", although in urban environments primary
vehicle engine emissions are believed to be their major source™.
Another nitrogen-containing homologous series observed with high
signal intensities included molecules with the following molecular
formulae CgHsNO,4, C;H;NO4, CgHgNO,4, CoHiiNO4 and CigHyzNO,.
These formulae were tentatively identified as nitroaromatic
compounds, e.g., nitrocatechols, nitrophenols, nitroguaiacols and
nitrosalicylic acids. These nitroaromatics have been recently
detected in aerosol samples from urban locations, e.g., Ljubljana,
Slovenia®® and rural environments e.g., Saxony, Germany44, K-
Puszta, Hungary45, Hyytiala, FinIandU, Los Angeles, USA* and Cork,
Ireland™® and were mainly attributed to biomass burning sources.
Although direct infusion analysis does not allow structural or
isomeric molecular elucidation, our results suggests that these
identified series can be associated not only with biomass burning
but also with traffic emission sources. In addition, formulae with
0OSc < -1 and more than 7 carbon atoms, which is indicative of
primary biomass burning aerosol®®, were observed in the
background Birmingham samples (Fig 6). Their small fraction
compared to the overall observed number of formulae (ca. 8%)
suggest a rather modest influence of biomass burning at the
Birmingham background site compared to traffic sources.

Only a very small number of known oxidized and nitrated PAHs
were detected in the Birmingham background and tunnel samples,
e.g. formulae that correspond to nitro-naphthalenes and hydroxy-
nitro-naphthalenes. These formulae were measured with low signal
intensities, which is likely due to their poor ionisation efficiency in
negative mode ESI-MS.

Using gas chromatography — mass spectrometry samples from
the same two locations in Birmingham were analysed and several
nitro-PAHs and oxidized PAHs with a carbonyl functional groups
were identified”’. These detailed chromatography analyses
concluded that PAHs at the background cite were dominated by
traffic emissions, which is supported by the analyses presented
here, but that other sources such as wood burning became
increasingly important over the last two decades. This study47 also

provided strong evidence of increased levels of nitro-PAHs in the

tunnel samples, likely due to increased use of diesel cars, which is

This journal is © The Royal Society of Chemistry 20xx

also supported by the nitro-aromatics identified in the current
study.

Formulae in the CHOS subgroup are more prominent in the
background sample (~ 36% of all N or S containing formulae) than in
the tunnel samples (~ 24%). The higher number of CHOS
components at the background site could be explained by
atmospheric aging reactions of organics with H,SO,4 leading to the
formation of organosulfates. The number of aromatic sulphates
(using Al or X.), however, is very small in both samples (less than 10
formulae).

The composition of the tunnel samples shows a distinct
boundary between CHON and S-containing subgroups (CHOS and
CHONS) (dotted line in Figure 7 b). Above this line, CHOS and
CHONS subgroups are dominating whereas below the line, CHON
subgroup formulae are most abundant. Thus CHOS and CHONS
components have on average a larger H/C ratio than the CHON
compounds. About 91% of the 168 CHOS and CHONS compounds
have > 4 oxygen atoms and are likely organosulfates. This clear
distinction in the H/C ratio between S- and N-containing
compounds is not observed in the Birmingham background samples
where on average the CHON subgroup has a higher H/C ratio than
in the tunnel samples.

As shown in Figure 8a about 96% of all molecular formulae
associated with mono-aromatic compounds found in background
Birmingham samples were also present in tunnel samples. A slightly
smaller but still very high fraction of PAH-like molecular formulae
(~87%) from the background samples were also present in the
tunnel aerosol indicating that the majority of these molecules at the
background site are likely to be associated with the traffic

emissions.

4. Conclusions

The organic composition of ambient aerosol was analysed
and compared from a road tunnel, an urban background and
industrial harbour sites using direct infusion, negative mode
nanoESI UHR-MS. Components of the CHO-subgroup
(containing only C, H and O atoms) were most dominant at all
sites. A higher number of mono-aromatics and PAHs were

identified in the tunnel samples compared to the urban

J. Name., 2013, 00, 1-3 | 7



background sites. Double bond equivalents, aromaticity index
and aromaticity equivalent approaches were compared to
identify the distribution of oxidized mono-aromatics and PAHs
among the about one thousand organic compounds (formulae)
present in the mass spectra at these sites.

Nitrogen- and sulfur-containing formulae were also
investigated and a higher number of N-containing mono-
aromatics were observed in the tunnel samples compared to
the background samples with some nitro-aromatic compounds
tentatively identified. In contrast, a higher fraction of S-
containing formulae, likely organic-sulphates, were found in
the urban background site, indicating the influence of
atmospheric aging processes or the presence of non-traffic
sources.

Using common ions from the tunnel samples integrated
over five days represents a robust average organic
composition profile of vehicle emissions and our results
suggest that traffic emission can be a source for a very large
number of oxidised mono-aromatics and PAHs in the urban
atmosphere, which could potentially be used to better
characterise and constrain vehicle exhaust emission profiles
and effects of atmospheric aging on these particle emission.
Although direct-injection ESI-UHRMS analyses (performed in
this study) allow separating 1000s of compounds in a single
analysis they cannot unambiguously identify individual
compounds at a molecular level. In addition, ESI-MS is mostly

sensitive to compounds with polar functional groups. Thus,

combining ESI-UHRMS data with results from other
techniques, which are sensitive to less polar organic
compounds and are capable of separating 1000s of

compounds in a single analysis such as two-dimensional gas
chromatography - mass spectrometry might be a promising
approach to characterize comprehensively the entire organic
compositional

complexity in atmospheric particles on a

molecular level.
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Table 1. Concentration (ug m'3) of organic carbon (OC), elemental carbon (EC), and total carbon (TC) concentrations of

samples from the Birmingham background and tunnel site.

Sample Type Sampling Date ocC EC TC
Tunnel 11.09-12.09 13.4+0.69 15.1+0.78 28.6+1.47
Tunnel 12.09-13.09 19.5+1.00 17.1+0.87 36.6+ 1.87
Tunnel 13.09-14.09 17.3+0.89 18 +£0.92 353+1.81
Tunnel 14.09-15.09 20.0+1.02 22+1.12 42 £2.14
Tunnel 15.09-16.09 16.9 +0.86 19.3+£0.99 36.1+£1.85

Background 11.09-12.09 0.41+0.04 0.4 £0.04 0.80 £ 0.08

Background 12.09-13.09 3.12+0.18 1.89+0.12 5.01+0.29

Background 13.09-14.09 1.25+0.08 0.96 £ 0.07 2.21+0.15

Background 14.09-15.09 1.42 +£0.09 0.85 +0.06 2.27+0.16

Background 15.09-16.09 2.05+0.12 0.97 £0.07 3.02+0.19
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Figure 1. Negative ionization nanoESI mass spectra of common ions in aerosol samples collected at a background (a) and
tunnel (b) site in Birmingham, UK. The pie charts and color code of the mass spectra indicate the abundance of organic
compounds, which contain only C, H and O atoms and N- and S-containing compounds, respectively. Common ions are
defined as ions, which are detected in all five background or five tunnel samples analysed in this study, respectively. Thus,
the common ion mass spectra represent a robust signature of the organic aerosol composition at these two sites. (c) Venn
diagram showing the number of all molecular formulae identified in the Birmingham tunnel and background samples and

common formulae at both sites.
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Figure 2. Van Krevelen diagrams (HC versus O/C atomic ratios) including double bond equivalent (DBE) values of all common
ions detected in the background (a) and tunnel (b) samples from Birmingham and from Cork harbour (c). Symbols: squares
indicate CHO, crosses CHON, circles CHOS, and triangles CHONS formulae. The black dashed squares indicate

compounds with low H/C ratio and high DBE values, a typical signature of mono-aromatic compounds and PAHs.
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Figure 3. H/C (a, b and c) and O/C (d, e and f) values as a function of neutral mass and DBE values of all CHO formulae from
Birmingham background (a and d), tunnel (b and e) and Cork harbour (c and f) samples. The fractions of compounds with O/C
>1.0 for all samples is < 2% and these are not shown. The high number of formulae with DBE>7, masses >200Da and H/C<1

supports the presence of a large number of oxidized PAHs.

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 13




Please do not adjust margins

“

ROYAL SOCIETY

OF CHEMISTRY

Journal Name

ARTICLE

12—3 A e
( ) AAAAA
AAXa . <0.50
94 AADA L 0.53
AAAAAL Ao
w IVYTYITI I T _
M 6 Y YYYTIXXY < e
o ' YYYTITIITITYT :
'YYYUU Y
3 & 8id A A
Y
0.81
0 T T T T
5 10 15 20
Number of Carbon Atoms
121(b) A4S
AAA A .
AXAass <2.500
9 AAa I2.500
S
g 'YYYYTEXXL 2
61 m“‘oo‘ooAQ
D AAA“A. ‘. B & 2 a 2.714
‘YyYYY T T
34 Y & & 2.843
&
0 T T T T
5 10 15 20

Number of Carbon Atoms

Figure 4. Double bond equivalents (DBEs) versus number of carbon atoms, (a) aromaticity index (Al), and (b)
aromaticity equivalent (X.) of all CHO formulae in the Birmingham background (circles) and tunnel (triangle)
samples. The red crosses indicate a two- and three-ring PAH (naphthalene (CyoHs) and anthracene (C14H1g)). The
grey points indicate non-aromatic formulae with Al<0.50 or X.<2.500. A significant number of non-aromatic
formulae with DBE>6 is clearly visible in both samples. Only formulae with DBE>9 and X.>2.7 can be clearly
assigned as PAHs. The size of the symbols reflects the relative peak intensities in the mass spectra on a
logarithmic scale.
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Figure 5. H/C (a, b and c) and O/C (d, e and f) values of all CHO formulae are shown as a function of their neutral
mass from Birmingham background (a and d), tunnel (b and e) and Cork harbour (c and f) samples with their X,
values color-coded. Grey data points indicate non-aromatic compounds (X, < 2.5), blue to green data (2.5 < X, <
2.7) are mono-aromatic compounds and pink to purple data (X, > 2.7) includes PAHs. The size of the symbols
reflects the relative peak intensities in the mass spectra on a logarithmic scale.
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Figure 6. Carbon oxidation state versus the carbon atom number of all CHO formulae in the Birmingham tunnel
(triangle) and Birmingham background (circles) formulae (X, values color-coded). Especially for the tunnel
samples, the high degree of alkylation of moon-aromatics with up to 10-11 carbon atoms is clearly visible as well
as the generally lower degree of oxidation of PAHs (i.e. lower carbon oxidation state values) compared to mono-
aromatics. The size of the symbols reflects the relative peak intensities in the mass spectra on a logarithmic scale.
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Figure 7. H/C atomic ratios versus molecular mass of common ions of all CHON (crosses), CHOS (circles) and
CHONS (triangles) formulae in the Birmingham background (a) and tunnel (b) samples (X, values color-coded).
Aerosol particles in the tunnel samples include significantly higher numbers of nitrogen-containing (poly-
Jaromatic formulae. The size of the symbols reflects the relative peak intensities in the mass spectra on a
logarithmic scale.
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Figure 8. Venn diagrams showing the number of molecular formulae associated with (a) mono-aromatic and (b)
PAH-like species in the Birmingham tunnel and background samples and common formulae present at both
locations. The size of the circles reflects the relative ratio of molecular formulae identified in the samples.
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