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Environmental context. One of the most important classes of water-soluble organic compounds in continental
fine and tropical biomass burning aerosol is humic-like substances (HULIS), which contain components with
strong polar, acidic and chromophoric properties. We focus on the chemical characterisation of HULIS and
provide evidence that nitro-aromatic catecholic compounds are among the major species of HULIS. This
indicates that volatile aromatic hydrocarbons emitted during biomass burning are important gas-phase
precursors for HULIS.

Abstract. Humic-like substances (HULIS) are ubiquitously present in the troposphere and make up a major fraction of
continental fine-sized water-soluble organic compounds. They are regarded as material with strong polar, acidic and
chromophoric properties; however, structural information at the individual component level is rather limited. In the
present study, we have characterised HULIS from different locations using liquid chromatography coupled to photodiode
array detection and negative ion electrospray ionisation mass spectrometry. Aerosol samples with particles less than
2.5 um in diameter (PM, s) were collected in Budapest and K-puszta, Hungary, during 2007 and 2008 spring and summer
periods, and in Rondonia, Brazil, during a 2002 biomass burning experiment. Major components of the Budapest 2007 and
Brazil 2002 HULIS corresponded to chromophoric substances, of which 4-nitrocatechol (molecular weight (MW) 155)
was identified as the most abundant organic species and less abundant ones were attributed to mono- and dimethyl
nitrocatechols (MWs 169 and 183). The mass concentrations of 4-nitrocatechol in the water-soluble organic carbon
(WSOC) of the Budapest 2007 and day- and night-time Brazil 2002 HULIS were 0.46, 0.50 and 1.80 %. Abundant
components of K-puszta 2008 HULIS were assigned to a-pinene secondary organic aerosol (SOA) tracers, i.e. 3-methyl-
1,2,3-butanetricarboxylic acid and terpenylic acid; their mass concentrations in the HULIS WSOC were 0.75 and 0.40 %.
Tere- and ortho-phthalic acids (MW 166) were major components of the Budapest and K-puszta HULIS, but only minor
ones of the Brazil 2002 biomass burning HULIS, consistent with a source that is different from biomass burning and likely
related to open waste burning of phthalate ester-containing material such as plastic.
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Introduction 3]

macromolecules!?! or macromolecular polycarboxylic acids.

Humic-like substances (HULIS) are a complex mixture of The term HULIS was derived from their close similarities in

organic compounds from ambient atmospheric aerosols or
isolated from fog and cloud samples. They are operationally
defined and have also been denoted as organic
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structural properties to terrestrial and aquatic humic and fulvic
acids.!"*¥ Our understanding of the chemical composition of
HULIS at the individual component level is still rather limited.
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However, in recent years substantial progress has been made
owing to instrumental developments in analytical organic mass
spectrometry, in particular, electrospray ionisation in combi-
nation with tandem and high-resolution mass spectrometry
(MS). At present, HULIS are believed to comprise aromatic and
aliphatic compounds containing polar functional groups such as
hydroxy, carboxy, carbonyl, nitrate, nitrooxy and sulfate
groups,® 1% and to contain organosulfates and nitrooxy orga-
nosulfates that only have been recently reported in biogenic
secondary organic aerosol (SOA).H1-18]

Of'the recent studies dealing with molecular characterisation
of HULIS using MS approaches,> ' only twol®*! resort to
liquid chromatography (LC), a technique which offers addi-
tional analytical power to MS. Furthermore, it is worth noting
that the latter LC/MS studies employ either size exclusion®
or hydrophilic interaction chromatography.'”’ LC/MS has also
been shown to be a suitable tool for the analysis of polar organic
compounds present in biogenic SOA and ambient fine
aerosol, including polar terpenoic acids!"®'”! and organosul-
fates, (%1115 thereby employing a reversed-phase stationary
phase with di- or trifunctional C;g chains that allow for polar
analyte retention.

Previous studies have documented both similarities and
differences between terrestrial humic and fulvic acids, and
atmospheric HULIS (for a review, see Graber and Rudich["®).
With respect to molecular weight (MW), several studies dem-
onstrated that atmospheric HULIS have much lower MWs than
terrestrial humic and fulvic acids, with an upper limit of
600 [9-19:20]

The objectives of the current study were to characterise
HULIS at the individual component level using high-
performance LC with UV/vis photodiode array detection
(PAD) and electrospray ionisation mass spectrometry in the
negative ion mode ((—)ESI-MS) with a focus on tracers for
biomass burning (BB), biogenic and anthropogenic organic
aerosols, including primary and secondary tracers. The rationale
for including UV/vis detection was that HULIS show strong
UV/vis absorption and are yellow-coloured,!'® whereas that for
using (—)ESI-MS was that HULIS contain acidic compounds
that can be deprotonated and are thus suitable for (—)ESI
detection.” ' Moreover, the (—)ESI-MS technique in combi-
nation with MS/MS allows for a detailed characterisation of
individual molecules, including functional groups, such as
hydroxy, carbonyl, carboxy, nitrooxy and sulfate groups.”>'!
Data analysis in the present study was mainly focussed on the
comparison of HULIS in different locations, i.e. an urban
(Budapest, Hungary), a rural (K-puszta, Hungary) and a tropical
BB location (Rondonia, Brazil), characterised by different
primary and secondary organic aerosol sources.

Field studies have demonstrated that BB is a significant
primary source of HULIS.'"2* In addition, evidence has been
obtained that: (1) SOA formed from BB emissions contributes to
HULIS™!; (2) urban and suburban environments are affected by
BBP2%); (3) vehicular exhaust is not a significant primary
emission source of HULIS!**! and (4) SOA contributes signifi-
cantly to urban HULIS.*®! Significant correlation between
photochemical activity and the atmospheric HULIS concentra-
tion in summer is also consistent with their secondary
formation.?!

Secondary BB aerosol contains methyl nitrocatechols,
which are strong absorbers of UV and visible radiation, and,
therefore, could be linked to the chromophoric properties of
HULIS. Methyl nitrocatechols are formed through

[27]
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photooxidation, in the presence of NO,, of m-cresol, which is
emitted at significant levels during BB and originates from the
degradation of lignins.?”! They also arise from the photooxida-
tion, in the presence of NO,, of anthropogenic volatile organic
compounds (VOCs), i.e. toluene,* which accounts for ~6 %
of the observed non-methane hydrocarbons, making it the most
abundant aromatic VOC in urban air.”*”! In addition, nitroca-
techols should be considered as target SOA tracers as they are
formed through the same formation mechanism from
benzene,*°! which is also an abundant anthropogenic VOC in
urban air.!*)

Experimental
Samples and sample preparation

The rural-continental background aerosol samples were
collected at K-puszta (latitude 46°58.3'N, longitude 19°32.5'E,
altitude 125 m above sea level) on the Great Hungarian Plain,
~80km south-east of Budapest and 15 km north-west of the
nearest town Kecskemét. The site is located in the clearing of a
mixed forest (62% coniferous and 28 % deciduous trees)
including 10 % grassland. Two samples were taken from 5 to 7
June 2008 for 23 h each. Each 23-h sampling started at 0730
hours coordinated universal time (UTC). The sampling was
done with a KS-300 high volume aerosol sampler equipped with
a particles less than 2.5 um in diameter (PM, 5) pre-separator
(Kalman System, Budapest, Hungary) and operated at an air
flow rate of 530 Lmin~'. Whatman QM-A quartz fibre filters
were used as the collection substrate. The filters were pre-
baked at 650°C for 8h before sampling to remove organic
contaminants. The exposed area of the filters was 154 cm?.

Urban aerosol samples were collected in central Budapest
(at Széna Square, latitude 47°30.5'N, longitude 19°1.7E,
altitude 114 m above sea level) from 7 to 14 March 2007, and
from 3 to 10 June 2008 for 1 week each. The site is heavily
influenced by vehicular traffic. The aerosol samples and field
blank filters were taken with a DHA-80 high-volume aerosol
sampler equipped with a PM,s pre-separator (Digitel
Elektronik, Hegnau, Switzerland) and operated at an air flow
rate of 500 L min~'. Whatman QM-A quartz fibre filters were
used as the collection substrate. The filters had been pre-baked
at 550°C for 12h before sampling. The exposed area of the
filters was 154 cm”.

The BB aerosol samples were collected at a pasture site
(latitude 10°45'44”S, longitude 62°21'27"E, altitude 315m
above sea level) in the Amazon Rainforest, state of Rondonia,
Brazil, during the LBA-SMOCC field campaign.*"! The
samples selected for the present study were taken from 18 to
22 September 2002 separately over daylight periods (~0745—
1745 hours local time (LT) with LT =UTC —4) and at night
(~1830-0700 hours LT). The BB activity was reported to be the
most intensive during this period of the campaign.®"! The
samples were collected with a high-volume dichotomous virtual
impactor’®? on Gelman Pallflex front and back quartz fibre
filters in series. The filters were pre-baked at 550 °C for 24 h
before sampling. The exposed area of the filters was 61.5 cm?.
PM, s-size fraction aerosol samples, collected on the front filters
in the high-flow air stream at a flow rate of 300 L min~", were
used for the present research. Altogether, five samples for the
daylight periods, five samples for nights and two field blank
filters were obtained during the days specified above.

The aerosol samples were placed in pre-baked Al foils and
were kept in a freezer until further treatment. The two samples
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collected at the K-puszta site were treated together. Of the
aerosol samples collected at the BB-affected site, one-quarter
of each filter was processed for the present study. The filter
sections for the daylight periods were treated together, and those
for the nights were also processed together. The samples were
utilised for isolation of water-soluble HULIS by a one-step
solid-phase extraction (SPE) method.[*****! In short, the filters
were cut into pieces and the extraction was carried out with high-
purity reagent Milli-Q water with occasional stirring and manual
shaking at room temperature for 36 h. The volume of water used
for the rural, urban and BB filters was 40, 50 and 70 mL. The
filter-water system was allowed to stand for 30 min at the end of
the extraction procedure. The aqueous extracts were filtered
through a 0.22-pum syringe PVDF membrane filter (Millipore,
Billerica, MA, USA) to remove the filter debris and suspended
insoluble particles. For part of each filtered extract, the pH of the
filtrate was adjusted to 2 with HCI, and HULIS were separated
by pre-conditioned SPE columns (Oasis HLB, Waters, Milford,
MA). The retained organics were eluted with methanol, and the
eluents were first combined and then subdivided into several
aliquots. The aliquots were evaporated to dryness under a
nitrogen stream. The mass of the resulting HULIS aliquot
samples was measured by gravimetry at a stabilised temperature
(20°C) and relative humidity (50 %). The samples were pre-
equilibrated at these conditions for several hours. The weighing
was repeated one day later after the samples had been placed into
a drying chamber at a temperature of 40°C for 1h. The
unprocessed parts of the aqueous extracts and the isolated
HULIS samples were kept in a refrigerator until further
analyses.

Measurements for water-soluble organic carbon

The unprocessed parts of the aqueous aerosol extracts and the
HULIS samples were analysed for water-soluble organic carbon
(WSOC) using a commercial Total Organic Carbon analyser
(TOC-V CPH, Shimadzu, Kyoto, Japan). A two-step procedure
consisting of separately measuring water-soluble total carbon
(WSTC) and water-soluble inorganic carbon (WSIC) was
thereby applied, after which WSOC was obtained as WSOC =
WSTC — WSIC. As indicated above, for the HULIS samples,
mass data were available from gravimetry. As a consequence,
it could also be estimated how much HULIS was present in
the unprocessed parts of the aqueous aerosol extracts. Based on
data provided in Salma et al.**) it was assumed that the organic
mass-to-organic carbon ratio for HULIS is ~2. The HULIS
samples were dissolved in 2 or 3 mL of Millipore Simplicity
water. The dissolved HULIS samples and the unprocessed
aerosol extracts were diluted with Millipore Simplicity water so
that the estimated organic carbon concentration from HULIS in
the final solution used for analysis would be of the order of 3—
10 pgmL ™" for the actual samples. For the field blank samples,
similar dilutions were done as for the actual samples. Volumes
of 150 pL of the final solutions were injected in triplicate for the
analyses for WSTC and WSIC, with the difference representing
WSOC. The WSOC data obtained for the HULIS samples are
further denoted as HULIS-C.

Liquid chromatography—-UV/vis and —electrospray mass
spectrometry
Both the unprocessed aqueous aerosol extracts and the dissolved

HULIS samples were subjected to detailed organic analyses.
The separation of the HULIS components was achieved using a
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T3 Atlantis C18 (Waters) column, which contains trifunction-
ally bonded Cg alkyl chains and shows polar analyte retention.
The mobile phase consisted of acetic acid 0.1 % (v/v) (A) and
methanol (B). The applied gradient elution program for the
analyses performed was as follows: the concentration of eluent
B was kept at 3% for 2min, and then increased to 90 % in
18 min, kept at 90 % for 43 min, and then decreased to 3 % in
5 min and kept at 3 % for 12 min.

The LC/MS instrument consisted of a Surveyor Plus LC
system (pump and autosampler) and an LXQ linear ion trap mass
spectrometer (Thermo Scientific, San Jose, CA). The liquid
chromatograph was equipped with a photodiode array detector
(Thermo Scientific). Electrospray was used as the ionisation
technique in the negative ion mode. The operating conditions of
the LXQ instrument were as follows: sheath gas flow (nitrogen),
50 arbitrary units (0.75 L min~"); auxiliary gas flow (nitrogen),
5 arbitrary units (1.5 L min™"); source voltage, —4.5kV; capil-
lary temperature, 350°C; and maximum ion injection time,
200 ms. The [M—H] ™ signal optimisation was done by introduc-
ing a 50 ugmL™" malic acid standard solution. Data were
acquired and processed using Xcalibur 2.0 software (Thermo
Scientific). Base peak chromatograms (BPCs) were obtained in
the m/z 122-500 range because of an interference at m/z 119.
This ion corresponds to an acetic acid cluster ion (CH;COOH:
CH3COO") due to acetic acid being present in the mobile phase.
The (—)ESI-MS data recorded for unknown acidic and nitro-
aromatic compounds were compared with data available from
previous studies obtained under the same LC/MS condi-
tions!'®!7*%); based on retention time (RT) and (—)ESI-MS data,
azelaic acid and several terpenoic acids and nitro-aromatic
compounds could be assigned.

The quantification of selected compounds (i.e. 4-nitrocatechol,
terpenylic acid and 3-methyl-1,2,3-butanetricarboxylic acid,
MBTCA) was based on an internal standard calibration
procedure employing sebacic acid (Sigma—Aldrich, St Louis,
MI) in the case of the terpenoic acids and 4-tert-
butylcatechol (Sigma—Aldrich) in the case of 4-nitrocatechol
as internal recovery standards, and reference compounds. The
reference compounds, MBTCA and terpenylic acid, were
available from previous studies,*®*”! whereas 4-nitrocatechol
was purchased from Sigma—Aldrich. Extracted ion chromatog-
raphy using [M-H]  ions was utilised to obtain clear
chromatographic peaks and to derive the peak areas used as
input for quantitative determinations. The concentrations in the
extracts of the actual samples were obtained by relating the peak
area (analyte-to-internal recovery standard) ratio data for the
extracts to linear calibration lines, which were obtained with
unweighted regression from the calibration curve data. For
performing the unweighted regressions and the calculations of
the concentration, use was made of the software FExcel
(Microsoft, USA). Field blanks were prepared and analysed in
the same way as the samples; they proved to be free of the
compounds of interest, except for the BB field blanks where
some contamination was observed.

Results and discussion
Contribution of HULIS-C to WSOC

The WSOC analyses of the unprocessed aqueous aerosol
extracts and the HULIS samples enabled us to assess the
contribution of HULIS-C to WSOC. This fraction was 0.31 for
the Budapest 2007 sample, 0.35 for the Budapest 2008 sample,
0.33 for the K-puszta samples, 0.40 for the BB day-time samples
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Selected liquid chromatography/mass spectrometry chromatographic data (base peak chromato-

grams (BPCs) and extracted ion chromatograms (EICs)) for 2007 Budapest humic-like substances (HULIS)
(BO7HS). The second panel in the left column shows the BPC for the corresponding unprocessed aqueous
aerosol extract (BO7E4M2), revealing that the early-eluting polar compounds (retention time range
1-10 min) are not retained by the solid phase extraction procedure employed to isolate the HULIS fraction.
The peak labelled with an asterisk (*) was also present in the blank. Water-soluble organic carbon mass
injected 2.2 pg (BO7HS); 2.0 ug (BO7E4M2). (RA, relative abundance.)

and 0.61 for the BB night-time samples. The results confirm that
HULIS-C has a substantial contribution to WSOC for all HULIS
types, and that carbon in HULIS from tropical BB represents the
major chemical mass fraction of WSOC.** The higher contri-
bution of HULIS-C to WSOC for the BB night-time samples
compared with the day-time samples can be explained by a
different combustion stage with flaming combustion taking
place during the day-time when fires are started and smoulder-
ing combustion of biomass prevailing at night.*'! In this respect,
it is worth mentioning that a diel variation in the contribution of
levoglucosan, a tracer for biomass burning, to WSOC has been
reported for day- and night-time PM, 5 samples collected during
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the dry period of the 2002 LBA/SMOCC BB experiment, with
the highest contributions at night.!**!

Characterisation of HULIS isolated from urban PM, 5
aerosol

In order to determine which type of acidic organic compounds
were absent in the HULIS samples following the SPE procedure,
we first compared LC/MS data obtained for HULIS samples
with those for aqueous aerosol extracts that had not undergone
SPE. Fig. 1 illustrates the results obtained for 2007 urban PM, 5
aerosol. Similar results were obtained for samples from the other
locations. The BPCs demonstrate that the polar compounds
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eluting in the first 10 min are not present in the HULIS sample.
These compounds include polar organosulfates, for example,
the 2-methyltetrol sulfates (RTs at 2.0 and 2.6 min), which were
identified on the basis of available (—)ESI-MS data obtained in
our laboratory under comparable experimental conditions
(not shown).["™ The results also reveal that the BPC profiles for
the compounds eluting between 15 and 30 min are rather similar.
This region contains aromatic and nitro-aromatic compounds, as
will be discussed in more detail below, as well as terpenoic
acids, as found, for example, for rural summer PM, 5 aerosol
from forested sites such as K-puszta, Hungary.!'”? The other
chromatograms shown in Fig. 1 are extracted ion chromato-
grams (EICs) for the deprotonated forms of major aromatic and
nitro-aromatic compounds (m/z 154, 165 and 168), azelaic acid
(m/z 187) or selected terpenoic acids (m/z 187, 171 and 203).

The BPC for the HULIS sample in Fig. 1 is dominated by a m/z
154 compound with RT 20.8 min, which was identified as
4-nitrocatechol. This nitro-aromatic compound has been
suggested as a tracer for both BB®*! and the photooxidation of
benzene.*") It was found to exhibit maximum concentrations in
PM3, PM >3 and total suspended particles size fractions at
Mainz, Germany, in summer. 401 Other abundant aromatic
compounds were m/z 165 compounds with RTs 21.1 and
22.1 min, which were identified as fere- and ortho-phthalic acid.
Isomeric phthalic acids are known to have many sources, both
primary and secondary.”*'**! The origin of these compounds
has not been fully investigated; however, formation from
phthalic esters emitted during open waste burning of plastic
material is a likely source.**] The major m/z 168 compounds
were identified as isomers of methyl nitrocatechols, based
on comparison with literature data; i.e. the compounds
eluting at RTs 22.8 and 24.2 min were assigned to 4-methyl-
5-nitrocatechol ~and  3-methyl-5-nitrocatechol.®>!  These
compounds have recently been suggested as BB SOA tracers,
formed by photooxidation of m-cresol which is released during
fires as a degradation product of lignins,*”! as well as
anthropogenic SOA tracers, formed by photooxidation of tolu-
ene.”®! The weak compound with RT 20.4 min was attributed to
a nitroguaiacol (likely 6-nitroguaicol, for which a reference is
not available), a compound which has recently been reported in
urban winter PM, s aerosol from Maribor, Slovenia,’** and may
point to the combustion of softwood.*”! In addition, higher
methyl homologues of the m/z 168 methyl nitrocatechols,
i.e. isomeric dimethyl nitrocatechols eluting at RTs 19.5, 20.0
and 20.6 min, could be detected at m/z 182 with low intensity
(not shown). The major m/z 187 compound eluting at RT
24.2 min was identified as azelaic acid, a well known oxidation
product of biogenic unsaturated fatty acids,'** which has been
reported in ambient aerosol from forested, urban and remote
sites.[*** Furthermore, the EICs shown in Fig. 1 also illustrate
that the HULIS extract contains terpenoic acids as minor
compounds, i.e. terpenylic acid (m/z 171) at RT 17.6 min and
MBTCA (m/z 203) at RT 18.2 min. Of these, terpenylic acid, a
Cg-lactone-containing terpenoic acid, originates from the
photooxidation of «-pinene,””! whereas MBTCA, a
Cg-tricarboxylic acid, is a higher-generation photooxidation
product of o-pinene formed in the presence of NO,.*®! It should
be noted that the peak intensities of the [M—H] ™ signals of the
terpenoic acids are lower than those of the aromatic compounds
and azelaic acid.

Selected LC-PAD array data for 2007 urban HULIS are
shown in Fig. 2. The LC-PAD density map reveals a complex
mixture of UV/vis absorbing compounds in the 220-440-nm
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Fig. 2. Photodiode array detection density map for the 2007 Budapest

humic-like substances (HULIS) sample (BO7HS). The broad band in the
retention time (RT) range 11.5-16 min was also present in the blank and is
likely due to solvent impurities or stabilisers. Note that several UV-active
bands are present; the most intense one at RT 20.5min corresponds to
4-nitrocatechol and clearly shows a tailing absorption in the 400-420-nm
range, thus contributing to the yellow appearance of the HULIS sample.
Water-soluble organic carbon mass injected 2.2 pg (BO7HS).

region, with 4-nitrocatechol being the dominant one. It is noted
that this compound elutes at 20.5 min (~0.3 min earlier than in
(—)ESI-MS because of the lag-time between the PAD and the
ESI source). Other intense peaks (visible in dark blue) could be
attributed to the aromatic compounds discussed above, i.e. tere-
and ortho-phthalic acid, and methyl nitrocatechols. Close exam-
ination of the LC-PAD data for this urban HULIS sample reveals
that there is absorption in the 420—430-nm region at RTs where
4-nitrocatechol and the other nitro-aromatic compounds elute,
thus is consistent with its yellow colour.

Characterisation of HULIS isolated
from rural PM 5 aerosol

Selected LC/MS data for the second urban HULIS sample,
isolated from PMj; 5 aerosol collected in Budapest during sum-
mer 2008, and for a rural HULIS sample, obtained from PM, 5
aerosol collected at K-puszta during spring 2008, are given in
Figs 3 and 4. It was noted during the isolation procedure that the
appearance of 2008 urban HULIS was not as intense a yellow as
that of 2007 urban HULIS but much paler, more resembling
2008 rural HULIS. It can indeed be seen that the BPC profile of
2008 urban HULIS (Fig. 3) is quite different from the 2007
sample (Fig. 1) and resembles 2008 rural HULIS (Fig. 4).
Therefore, we will focus here on the main qualitative
differences between 2007 urban and 2008 rural HULIS. In a
later section, quantitative data for three major SOA tracers,
i.e. 4-nitrocatechol, terpenylic acid and MBTCA, will be pre-
sented, allowing for a more quantitative assessment of HULIS
from the different locations. It is noted that the abundance of
4-nitrocatechol eluting at RT 20.4 min and detected at m/z 154 is
much lower (~20 times) in the rural sample, thereby taking into
account the amount of HULIS (expressed as WSOC) analysed.
With respect to the m/z 168 compounds, the pattern is quite
different and is dominated by a nitroguaiacol (likely
6-nitroguaicol®¥) eluting at RT 19.9 min, suggesting that there
is mainly combustion of softwood. The fere- and ortho-phthalic
acids, on the other hand, eluting at RTs 20.7 and 21.7 min, and
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Fig. 3. Selected liquid chromatography/mass spectrometry chromatographic data (base peak

chromatograms (BPCs) and extracted ion chromatograms (EICs)) for 2008 Budapest humic-like
substances (BO8H3). Water-soluble organic carbon mass injected 3.4 pg. (RA, relative abundance.)

detected at m/z 165, have an increased abundance. The m/z
187 EIC also shows a very different profile; whereas azelaic acid
was dominant in the urban HULIS sample, the EIC is now
characterised by an abundant compound eluting at RT
14.9 min. This compound has been partially characterised in
previous work as a Cg-hydroxydicarboxylic acid formed by
photooxidation of o-pinene but still remains to be fully
elucidated.""”! In a recent field study conducted at a Belgian
polluted forest site (i.e. Brasschaat) during a 2007 summer
period,*?! the concentrations of this unknown MW 188
compound were found to be well correlated with those of
MBTCA, suggesting that it could serve, as MBTCA, as a useful
tracer for aged biogenic SOA. With respect to the terpenoic
acids, it can be seen that the signals for the deprotonated forms of
terpenylic acid (eluting at RT 17.3 min and detected at m/z 171)
and MBTCA (eluting at RT 17.7 min and detected at m/z 203)
are much more intense (a factor of 10 or larger) than those in
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2007 urban HULIS. The LC/MS data also include m/z 157 EICs;
the compound eluting at 16.0 min was identified as terebic acid,
which corresponds to a higher oxidation product of terpenylic
acid.l'® Furthermore, the (—)ESI-MS data for the m/z 171
compound eluting at 20.6 min show that it corresponds to nor-
pinic acid."®!'”) The LC/MS results thus demonstrate that the
rural HULIS sample contains terpenoic acids originating from
the photooxidation of ¢-pinene as major compounds, and nitro-
aromatic compounds as minor ones, in contrast to 2007 urban
HULIS where the nitro-aromatic compounds are prevalent and
the terpenoic acids are only minor compounds. With respect to
tere- and ortho-phthalic acid, the intensity of the signals in the
two HULIS extracts was comparable. The overall LC/MS
results for 2008 urban HULIS reveal that it resembles more the
2008 rural HULIS, which is consistent with its paler visual
appearance. The LC-PAD density maps for 2008 urban and
rural HULIS samples are provided in the Supplementary
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material (Figs S1, S2, see http://www.publish.csiro.au/?act=
view_file &file_id=EN11163_AC.pdf ); compared with 2007
urban HULIS, a much lower intensity of the UV-absorbing
compounds could be noted, taking into account the amount of
WSOC analysed. The differences between the 2007 and 2008
urban HULIS can possibly be explained by more intense
regional BB in the surroundings of Budapest during the 2007
sampling episode. In this context, a recent field study by Lin
et al.®*! conducted in the Pearl River Delta Region, China,
demonstrated that urban and suburban environments are
affected by BB and that vehicular exhaust is not a significant
primary emission source for HULIS.

Characterisation of HULIS isolated from tropical
BB PM, 5 aerosol

Selected LC/MS data for day- and night-time tropical BB
HULIS are shown in Figs 5 and 6. It is known from earlier
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studies carried out in the framework of the 2002 LBA-SMOCC
BB experiment that there are pronounced diel differences with
respect to the concentrations of the WSOC and the BB primary
tracer levoglucosan, which are much higher at night when
smouldering combustion takes place.?'**! Hence, differences
in the LC/MS profiles for day- and night-time BB HULIS could
be expected. Initially, quantitative differences between day- and
night-time BB HULIS are discussed; subsequently, substantial
qualitative differences with urban and rural HULIS are
highlighted. The BPCs of both day- and night-time BB HULIS
(Figs 5, 6) are dominated by 4-nitrocatechol (m/z 154) and
methyl nitrocatechols (m/z 168). The absence of nitroguaiacol
can be related to the combustion of tropical hardwood.
As expected, the BB SOA tracers 4-nitrocatechol (m/z 154)
and the isomeric methyl nitrocatechols (m/z 168) are more
abundant at night (Fig. 6) than during the day-time (Fig. 5),
thereby taking into account the amount of WSOC analysed.
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Fig. 5. Selected liquid chromatography/mass spectrometry chromatographic data (base peak chromatograms (BPCs) and extracted ion
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61.5 min were identified as fatty acids, i.e. palmitic (m/z 255), oleic (m/z 281) and stearic (m/z 283) acid. Amount of water-soluble organic carbon
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With respect to the biogenic—terpenoic SOA tracers, most tra-
cers noted for rural HULIS could also be observed, i.e. the
unknown Cg-hydroxydicarboxylic acid (m/z 187; RT 15.1 min),
terebic acid (m/z 157; RT 15.8 min (day), 15.7min (night)),
terpenylic acid (m/z 171; RT 18.1 min (day), 18.0 min (night))
and MBTCA (m/z 203, RT 18.9min (day), 18.6 min (night)).
Furthermore, azelaic acid (m/z 187; RT 24.1 min) could be
detected with an abundance comparable to that of the terpenoic
acids. However, some differences with rural HULIS should also
be addressed. The m/z 157 EICs are more complex and contain
compounds other than terebic acid, which were not further
examined in the present study. Furthermore, the m/z 203 EICs
also show more complexity and reveal, in addition to MBTCA, a
compound eluting at an earlier RT (16.5min (day), 16.7 min
(night)). This compound could be assigned to an isomer of
MBTCA, i.e. 3-carboxyheptanedioic acid, and is thought to
originate from the photooxidation of d-limonene.!"*% The m/z
165 EICs (not shown) were distinctly different from those of
urban and rural HULIS discussed above; in contrast, the m/z 165
EICs of BB HULIS reveal that ortho-phthalic acid (RT 22.1 min
(day), 21.8 min (night)) is only a minor constituent with an
[M-H] signal intensity of 1.1 % (day) and 0.5 % (night) of that
of'4-nitrocatechol. Tere- and ortho-phthalic acid likely originate
from open waste burning of material containing phthalate
esters,[**! which are known to be widely used for various
purposes (e.g. plasticisers, fabrics, adhesives, coatings, etc.).
The compounds with RTs 48.0, 50.6 and 61.5min were
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identified as fatty acids, i.e. palmitic (m/z 255), oleic (m/z 281)
and stearic (m/z 283) acid. The latter fatty acids have been
previously reported in Amazonian PM,s aerosol’®']; the
presence of the unsaturated fatty acid, oleic acid, suggests that
the aerosol was relatively fresh or non-aged.

The LC-PAD density map for night-time BB HULIS is given
in Fig. 7. As expected, the bands for the nitro-aromatic com-
pounds, 4-nitrocatechol and the methyl nitrocatechols, are very
intense in the case of this night-time sample, which is known to
be highly affected by smouldering biomass combustion.*!=**!
It can also be clearly seen that there is absorption in the
420-430-nm region at RTs where 4-nitrocatechol and the
methyl nitrocatechols elute, thus consistent with its fairly strong
yellow colour. The LC-PAD density map for corresponding
day-time BB HULIS is shown in Fig. S3; compared with night-
time BB HULIS, a lower intensity of the UV-absorbing com-
pounds could be noted, taking into account the amount of
WSOC analysed.

The LC/MS results thus demonstrate that BB HULIS
contain nitro-aromatic compounds as major tracers, including
4-nitrocatechol and methyl nitrocatechols, and reveal diel dif-
ferences for these tracers.

Quantitation of major SOA tracers and their contribution
to the WSOC

In order to make a quantitative assessment between the HULIS
samples from the different locations, selected tracers, for which
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Percentage contributions of selected tracers to the water-soluble organic carbon of humic-like substances (HULIS) samples of different

locations, their percentage of the HULIS mass (in brackets), and their atmospheric concentrations in nanograms per cubic metre (in parentheses)
MBTCA, 3-methyl-1,2,3-butanetricarboxylic acid

4-Nitrocatechol
Percentage of HULIS-C mass
[Percentage of HULIS mass]
(atmospheric concentration (ngm ™))

HULIS sample
(code)

(atmospheric concentration (ngm ™))

MBTCA
Percentage of HULIS-C mass
[Percentage of HULIS mass]

Terpenylic acid
Percentage of HULIS-C mass
[Percentage of HULIS mass]

(atmospheric concentration (ngm ™))

Urban 2007 Budapest (BO7HS)
Urban 2008 Budapest (BOSH3)
Rural 2008 K-puszta (KO8H2)
Biomass burning 2002 Brazil:
day-time (R2ZHFDHI)
Biomass burning 2002 Brazil:
night-time (RZHFNH1)

0.46 [0.26] (8.5)
0.05 [0.02] (0.5)
0.03 [0.03] (0.3)
0.50 [0.25] (97)

1.80 [0.87] (520)

0.11 [0.06] (2.0) 0.05 [0.03] (0.9)
0.87[0.33] (8.4) 0.12 [0.05] (1.2)
0.75 [0.71] (6.7) 0.40 [0.38] (3.6)
0.08 [0.04] (16) 0.11 [0.05] (21)

0.05 [0.02] (14) 0.07 [0.03] (20)

reference standards were available, i.e. 4-nitrocatechol,
terpenylic acid and MBTCA, were quantified, and their con-
tributions to the HULIS WSOC mass (i.e. to the HULIS-C) were
calculated. The percentage contributions to the HULIS-C mass
of the selected tracers are summarised in Table 1. Also included
in Table 1 are the percentage concentrations of the tracers in the
HULIS itself and the atmospheric concentrations of the tracers;
the percentage concentrations of the tracers in the K-puszta 2008
HULIS should be considered as semiquantitative, as the HULIS
mass for this sample was only 0.5mg and had therefore a
large associated uncertainty. The nitro-aromatic tracer
4-nitrocatechol contributes 0.46 % to the WSOC mass in 2007
urban HULIS, whereas this value is only 0.03 and 0.04 % for
2008 rural and 2008 urban HULIS. The latter sample had, as
already discussed above, a much paler appearance compared
with 2007 urban HULIS and resembled 2008 rural HULIS in
both its pale yellow appearance and LC/MS organic tracer
profile. In contrast, the biogenic SOA tracer MBTCA accounts
for 0.75 % of the WSOC mass in 2008 rural HULIS, whereas
this value is only 0.11 % for 2007 urban HULIS. Interestingly,
the contribution of MBTCA in urban 2008 Budapest HULIS
(0.87 %) is even somewhat higher than for rural HULIS, which
is consistent with MBTCA being a higher-generation
photooxidation product of o-pinene formed in the presence of
NO,.[26:49-3253] A5 to the biogenic SOA tracer terpenylic acid,
the contributions to the WSOC mass are as expected, with the
highest values for 2008 rural (0.05 %) and 2008 urban (0.12 %)
HULIS. With respect to BB HULIS, 4-nitrocatechol accounts
for 0.50 and 1.80 % of the WSOC in the day- and night-time
samples. These values may be compared with those of
levoglucosan, an established primary BB tracer,”* which
contributed, on average, 4.0 % to the WSOC for the dry (BB)
period of the LBA-SMOCC campaign.*®) The percentage
contributions of the biogenic SOA tracers MBTCA and
terpenylic acid to the WSOC mass in BB HULIS are very low
(i.e. =0.11 %), as could be expected as the biogenic SOA tracers
at the Amazonian pasture site are mainly related to
isoprene.[**>11

Conclusions and perspectives

Our results demonstrate that abundant tracers in all the
examined HULIS samples belong to the class of nitro-aromatic
catecholic compounds with 4-nitrocatechol being the most
prevalent, suggesting that aromatic hydrocarbons emitted dur-
ing BB are important gas-phase precursors for HULIS. How-
ever, it remains to be demonstrated whether aromatic
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hydrocarbons present in traffic exhaust serve as precursors for
nitro-aromatic catecholic compounds; to address this issue
samples from other urban locations that are less influenced by
regional BB need to be examined. In contrast to BB HULIS,
where ortho-phthalic acid was only a minor compound, fere-
and ortho-phthalic acids were prevalent in urban Budapest and
rural K-puszta HULIS. However, it remains to be seen whether
these tracers, which point to open waste burning of phthalate
ester-containing material, are specific to urban and rural
HULIS; therefore, it would be warranted to examine more
samples from different urban and rural locations.

The issue was raised as to how humic HULIS are because of
substantial differences with humic and fulvic acids, such as, for
example, their MW range.[lg] Our results show that the prevalent
acidic compounds characterised in the examined HULIS
samples from different locations all fall within the MW range
of 150-210. It thus follows that an earlier proposed definition of
HULIS being compounds with a MW >300, based on size-
exclusion chromatography and laser desorption ionisation (LDI)
MS, is hard to hold.”¥ Future work should focus on the
characterisation of organosulfates and nitrooxy organosulfates
and higher-MW oligomers in HULIS from different locations.
In this respect, we have evidence that the MW 295 a-pinene-
related nitrooxy organosulfates!'*!'>! and the MW 358 di-ester
formed between pinic acid and diaterpenylic acid''® are present
in rural PM, s aerosol. Hence, considering that the HULIS
fraction contains the same constituents as the original aqueous
aerosol extract from which it was prepared, except the very polar
isoprene-related organosulfates (as documented in the present
study), such higher-MW constituents are expected to be present
in HULIS. This would extend the MW range of the acidic
HULIS constituents to ~400, consistent with literature data
based on ultrafiltration, vapour pressure osmometry and direct
infusion ESI-MS,"'®! as well as data based on size-exclusion
chromatography and LDI-MS.'**! The characterised com-
pounds, i.e. nitro-aromatic catechols, aromatic carboxylic acids
and terpenoic acids, cannot be regarded as ‘macromolecules’ in
a strict chemical sense. They are rather low-MW molecules,
which all correspond to SOA tracers formed through
photooxidation of anthropogenic and biogenic VOCs.
Furthermore, the yellow appearance of the HULIS samples
can be explained by nitro-aromatic and aromatic compounds,
i.e. nitro-aromatic catechols and phthalic acids, which show
featureless UV/vis spectra and a tailing absorption in the yellow
region (400—420nm), consistent with literature data (for a
review see ref.['%).
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