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Abstract. The chemical content of water-soluble organic car- and sulfate secondary aerosol. The size-dependent origin
bon (WSOC) as a function of particle size was character-of WSOC was further corroborated by the increasiféC

ized in Little Rock, Arkansas in winter and spring 2013. The abundance from-26.81+ 0.18 %o for the smallest particles
objectives of this study were to (i) compare the functional to —25.93+ 0.31 %o for the largest particles and the relative
characteristics of coarse, fine and ultrafine WSOC and (ii)distribution of the functional groups as compared to those
reconcile the sources of WSOC for periods when carbonapreviously observed for marine, biomass burning and sec-
ceous aerosol was the most abundant particulate componerindary organic aerosol. The latter also allowed for the dif-
The WSOC accounted for 5% of particle mass for parti- ferentiation of urban combustion-related aerosol and biolog-
cles withdp >0.96 um and 10 % of particle mass for particles ical particles. The five types of organic hydrogen accounted
with dp < 0.96 pm. Non-exchangeable aliphatic (H-C), unsat-for the majority of WSOC for particles with, > 3.0 um and
urated aliphatic (H-C—C=), oxygenated saturated aliphatia/p, <0.96 pm.

(H-C-0), acetalic (O—CH-0) and aromatic (Ar—H) protons
were determined by proton nuclear magnetic resonahde (
NMR). The total non-exchangeable organic hydrogen con-

centrations varied from 4 0.1 nmol nt 2 for particles with 1 Introduction

1.5<dp<3.0um to 73.9 12.3 nmol n13 for particles with ) ) . .
dp<0.49 um. The molar H/ C ratios varied from 0-4®.05  Atmospheric aerosols affect climate directly by absorption
to 0.92+ 0.09, which were comparable to those observed forand scattering of incoming solar radiation and indirectly
combustion-related organic aerosol. The R—H was the mosthrough their involvement in cloud microphysical processes
abundant group, representing about 45% of measured td?0schl, 2005; Ghan and Schwartz, 2007). They also in-
tal non-exchangeab|e Organic hydrogen concentrations, fo|ﬂuence atmospheric oxidative burden, V|S|b|||ty and human
lowed by H-C-O (27 %) and H-C—C= (26 %). Levoglu- health (Sloane et al., 1991; Cho et al., 2005; Schlesinger et
cosan, amines, ammonium and methanesulfonate were idel-: 2006). Organic carbon (OC) represents more than 40 % of
tified in NMR fingerprints of fine particles. Sucrose, fructose, @erosol mass in urban and continental areas, with the largest
glucose, formate and acetate were associated with coardgaction of that being soluble in water, yet less than 20 % of
particles. These qualitative differenceséf-NMR profiles that is chemically characterized (Putaud et al., 2004; Gold-
for different particle sizes indicated the possible contribu-Stein and Galbally, 2007). Moreover, the optical (absorp-
tion of biological aerosols and a mixture of aliphatic and tion coefficient & (1)), single scattering albedavf)) and
oxygenated compounds from biomass burning and traffic exhydrophilic (vapor pressurepf), evaporation, condensation
hausts. The concurrent presence of ammonium and aminednd repartitioning) properties of organic aerosol cannot be

of single compounds, since they are related to the number
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and type of chromophore (i.e., functional) groups and supracle sizes of urban aerosol in Little Rock, Arkansas. The spe-
molecular non-covalent interactions (e.g., hydrogen and vartific objectives were to (i) compare the functional character-
der Walls bonds) (Kavouras and Stephanou, 2002; Cappéstics of coarse, fine and ultrafine WSOC and (ii) to reconcile
et al., 2008; Rincon et al., 2009; Reid et al., 2011). Conse+the sources of WSOC by NMR spectroscopy &f@isotope
quently, the incomplete characterization and the heterogeneaatios. The Little Rock/North Little Rock metropolitan area
ity of organic aerosol limit our understanding of their fate is a mid-sized Midwestern urban area with Pdparticles
and impacts. with diameter less than 2.5 um) levels very close to the newly
OC is composed of primary and secondary compoundsevised annual Pl national ambient air quality standard of
originating from anthropogenic and biogenic sources. Thel2 ugnr3 (Chalbot et al., 2013a). OC was the predominant
water-soluble fraction of organic carbon (WSOC) accountscomponent, representing approximatels55% of PMy s
for 30—90 % of OC, and it is composed of dicarboxylic acids, mass, with the highest concentrations being measured dur-
keto-carboxylic acids, aliphatic aldehydes and alcohols, sacing winter. The sources of fine atmospheric aerosol in the re-
charides, saccharide anhydrides, amines, amino acids, argion included primary traffic particles, secondary nitrate and
matic acids, phenols, organic nitrates and sulfates, and humisulfate, biomass burning, diesel particles, aged/contaminated
and fulvic acids (Timonen et al., 2008; Miyazaki et al., 2009; sea salt and mineral/road dust (Chalbot et al., 2013a). The
Pietrogrande et al., 2013; Wozniak et al., 2013). Proton nu+egion also experiences elevated counts of pollen in early
clear magnetic resonancEH-NMR) spectroscopy has been spring due to the pollination of oak trees (Dhar et al., 2010).
applied to characterize the WSOC content of urban, biogenicPue to the seasonal variation of weather patterns, the chemi-
marine, continental background and marine aerosol (Suzuk¢al content of aerosol may also be modified by regional trans-
et al., 2001; Graham et al., 2002; Matta et al., 2003; Cavalliport of cold air masses from the Great Plains and Pacific
et al., 2004; Decesari et al., 2006, 2011; Finessi et al., 2012)Northwest in the winter (Chalbot et al., 2013a).
Solid-state'3C cross polarized magic angle spinnifgQ-
CPMAS) NMR was also used to characterize atmospheric
aerosol (Subbalakshmi et al., 2000; Sannigrahi et al., 2006)2 Materials and methods
In addition, the secondary organic aerosol (SOA) composi-
tion was studied using two-dimensional (2-By-'H corre- 2.1 Sampling
lation spectroscopy (COSY) artH—13C heteronuclear sin-
gle quantum coherence (HSQC) spectroscopy (Tagliavini eSeven-day urban size fractionated aerosol samples were col-
al., 2006; Maksymiuk et al., 2009). The analysis of the lected every second week with a high-volume sampler in Lit-
WSOC hydrophobic fraction byH and 2-D'H-'H gradi-  tle Rock, Arkansas in the winter and early spring of 2013
ent COSY (gCOSY) NMR allowed for the detection of alka- (February—March). The sampling duration was selected to
noic acids based on resonances attributed to terminal methykduce the effect of sampling biases (i.e., weekday/weekend
(CH3) at50.8 ppmy-methylenes{CH,) at§1.3 ppm, ana- or day/night) and obtain sufficient quantities for NMR anal-
andg-methylenesdCH,, BCHy) at§2.2 ppm and1.6 ppm  ysis in each particle size range. The sampling site was lo-
(Decesari et al., 2011). Carbohydrates and polyhydroxylatedated at the north end of the UAMS campus°@®3.69' N
polynuclear aromatic hydrocarbons were identified on urbarand 921910.28 W). It was 20 m above the ground and ap-
surface films in Toronto, Canada by, 2-DH-'H total cor-  proximately 100 m from West Markham Street with annual
relation spectroscopy (TOCSY) and semi-solid-state NMRaverage daily traffic (AADT) of 13000 vehicles. The 1-630
(Simpson et al., 2006). Expressway is located 1 mile to the south of the sampling site
Cluster and positive matrix factorization (PMF) were ap- (south end of the UAMS campus) with an AADT of 108 000
plied to 21'H-NMR spectra using 200 (and 400) NMR bands vehicles. The 6-lane (3 per direction) highway is an open be-
as variables in Mace Head, Ireland (Decesari et al., 2011)low surface-level design to reduce air pollution and noise in
Despite the inherent statistical errors associated with the usthe adjacent communities.
of a limited number of equations (samples; 21) to predict A five-stage (plus backup filter) Sierra Andersen Model
substantially more variables:(= 200 orm = 400), threeto 230 Impactor mounted on a high-volume pump was used
five factors were retained and assigned to methanesulfonatg&MWL-2000, Tisch Environmental, Ohio, USA). Particles
(MSA), amines, clean marine samples, polluted air massesvere separated into six size fractions on quartz fiber filters,
and clean air masses. PMF was also applied to NMR andhccording to their aerodynamic cutoff diameters at 50 % effi-
aerosol mass spectrometer data to apportion the sources ofency: (i) first stage: > 7.2 um; (ii) second stage: 7.2—3.0 um;
biogenic SOA in the boreal forest (Finessi et al., 2012). The(iii) third stage: 3.0-1.5 um; (iv) fourth stage: 1.5-0.96 um;
four retained factors were attributed to glycols, humic-like (v) fifth stage: 0.96-0.5 um; and (vi) backup filter: <0.5 um,
compounds, amines MSA and biogenic terpene-SOA orig- at a nominal flow rate of 1.13%min~1. We assumed an up-
inating from a polluted environment. per limit of 30 um for the larger particles, in agreement with
The overall aim of this study was to determine the compo-the specification for the effective cut point for standard high-
sitional fingerprints of particulate WSOC for different parti- volume samplers and to facilitate comparison with previous
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studies (Kavouras and Stephanou, 2002). After collectionmicrobalance (Mettler-Toledo, model AB265-S) with a pre-
filters were placed in glass tubes and stored in a freezer atision of 10 ug was used in a temperature-controlled envi-

—30°C until extraction and analysis. ronment. To minimize any variation in the pH of the sam-
. ples and to block microbial activity, 100 pL of a buffer solu-
2.2 Materials tion of disodium phosphate/monosodium phosphate (0.2 M

N . NapHPO, /0.2 M NakhPOy, pH 7.4) and 100 pL of sodium
Quartz microfiber filters were purchased from Whatman .o (NaN) (1% w/w) were added into the sample, re-

(QM-A grade, 203« 254 mm, Tisch Environmental, USA), spectively. ThéH-NMR spectra were obtained on a Bruker

were precombusted at 55G for 4 h and then kept in a ded- A\ 21 ce 500 MHz instrument equipped with a 5 mm double-

icated clean glass container, with silica gel, to avoid h”mid'resonance broad band (BBFO Plus Smart) probe at 298 K
ity and contamination. Water (HPLC grade), deuterium OXidewith 3600 scans, using spin lock, an acquisition time of 3.2's,

(NMR grade, 100at. % D), 3-(trimethylsilyl)propionic acid- 5 yo|axation delay of 15, and 1 Hz exponential line broaden-
d4 sodium salt (98at. % D), sodium phosphate buffer (for, an4 presaturation to the,B resonance (Chalbot et al.,
analysis, 99%) and sodium azide (extra pure, 99 %) Weréyq 3y spectra were apodized by multiplication, with an ex-
purchased from Acros Organics (Fisher Scientific Cornpanyponential decay corresponding to 1 Hz line broadening in the
LLC, USA). spectrum and a zero filling factor of 2. The baseline was man-
ually corrected and integrated using the Advanced Chemistry
Development NMR processor (Version 12.01 Academic Edi-

A piece of the filters (110 of impactor stages (12.5&nand  tion). The determination of chemical shifis't) was done

5.1 cn? of the backup) was analyzed f&¥C by an elemen- relative to that of trimethylsilyl-propionic acidsdsodium

tal analyzer (NC2500 Carlo Erba, Milan Italy) interfaced via Salt (TSP-d) (set at 0.0 ppm). The segment fraf.5 ppm

a Conflo Il to a Delta Plus isotope ratio mass spectrometef® 85-0 ppm, corresponding to the water resonance, was re-
(Thermo Finnigan, Bremen Germany) at the University of moved from all NMR spectra. We applied the icoshift algo-
Arkansas Stable Isotope Laboratory. The samples were confithm to align the NMR spectra (Savorani et al., 2010) and
busted at 1066C in a stream of helium with an aliquot of integrated the intensity of signals of individual peaks as well
oxygen. Nitrogen oxides are reduced in a copper furnace a@S in five ranges (Decesari et al., 2000, 2001; Suzuki et al.,
600°C. Resultant gases are separated using a 3 m chromatog?01)- The saturated aliphatic region (H-90,6-51.8 ppm)
raphy column at 50C. Raw data are created using moni- Was assumed to include protons from methyl, methylene
tor gases, pure nitrogen and carbon dioxide. Raw results arénd methine groups (R—Q'g'* R-Chp, apd R—CH, respec-
normalized to the Vienna Pee Dee Belemnite (VPDB) usingtiVely). The unsaturated aliphatic region (H-C=(C51.8—
a combination of certified and in-house standards (Nelson?3-2PPm) contained signals of protons bound to aliphatic
2000). The relative isotope differences are expressed in pefcarbon atoms adjacent to a double bond, including allylic

2.3 Analysis

mil versus VPDB calculated as follows: (H-C-C=C), carbonyl (H-C-&O0) or imino (H-C-GN)
groups. Secondary or tertiary amines (H-C-\NRay also
813C = [R((*C/**C)sampld — R((**C/*?C)standard/ be present in thé2.2-$2.9 ppm region. The oxygenated sat-
R((13C/1ZC)samp|é] % 100Q (1) urated aliphatic region (H-C—-@3.2-54.4 ppm) contained

alcohols, ethers and esters. The fourth region included ac-
where R((*3C/*2C)sampie and R((*3C/*2C)standard (VPDB)  etalic protons (O—-CH-0) with signals of the anomeric pro-
are the carbon isotope ratios of the sample and the standarthn of carbohydrates and olefins (long-chain R=GEH-
respectively (Coplen, 2011). R, §5.0-86.4 ppm). Finally, the fifth regions6.5-68.3 ppm)

A 1cn? piece of each filter was extracted in 1 mL de- contained aromatic protons (Ar—H).

ionized water and an aliquot (20 pL) was analyzed for WSOC
using a DRI Model 2001 Thermal/Optical thermal optical 2.4 Calculations
reflectance (TOR) carbon analyzer (Atmoslytic Inc., Cal- _ ) o
abasas, CA) following the Interagency Monitoring of PRO- The Lundgren diagrams and mass median aerodynamic di-

tected Visual Environments (IMPROVE) thermal/optical re- 2Meter (MMAD) were used to describe the size distribution
flectance (TOR) protocol at DRI's Environmental Analysis of particle mass, V_VSOC and non-exchangeable organic hy-
Facility (Ho et al., 2006). drogen concentrationsgd ) as follows (Van Vaeck and Van

The remaining portion of each filter was extracted in C@uwenberghe, 1985; Kavouras and Stephanou, 2002):

50mL of ultrapure HO for 1h in an ultrasonic bath. The dc

X ltef Con= )
agueous extract was filtered on a 0.45 um polypropylene filter*Conc Ct-dlog(dp)
(Target2, Thermo Scientific), transferred into a pre-weighted
vial (for the gravimetric determination of the total water- whereC is the concentration (ugni) for a given stagedp
soluble extract, TWSE), dried using a SpeedVac apparatuss the aerodynamic diameter (um), afids the total concen-
and re-dissolved in 500 uL of deuterated watep@P A tration (ug nT3).
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MMAD denotes the particle diameter (um) with half of the secondary inorganic (sulfate and nitrate) aerosol, organic
particle mass, TWSE, WSOC or non-exchangeable organienass, elemental carbon, soil dust and sea spray (Sisler,
hydrogen concentration above and the other half below. 12000).

was calculated stepwise as follows: Organic carbon (OC) was the predominant component of
fine aerosol, accounting for 49% of reconstructed>BM

MMAD i1 1 mass, followed by secondary inorganic aerosol (40 %) and el-

/ Cid(dp) | + ZC,:ECt (3) emental carbon (EC) (7 %), which were comparable to those

& j=1 previously observed for the 2002—-2010 period. The OC/EC

ratio (4.58+ 1.06) was comparable to those observed in the
whered, is the lower particle size (um) for theimpactor  same region for the 2000-2010 period (Chalbot et al., 2013a)
stage;C; andC; are the mass concentrations for thend  that identified biomass burning and traffic as the most impor-
j-impactor stages, respectively. If MMAD was higher than tant sources of carbonaceous aerosol in the region. This was
the upper particle size collected by thenpactor stage, the  fyrther corroborated by the prevalence of soluble potassium,
calculation was repeated for the next stage. MMAD was cal-3 tracer of biomass burning (KK ratio of 1.00+0.28)
culated for the entire particle range, coarse particles (highe{zhang et al., 2013). The low K/ Fe ratio (0.870.25) and
than 3.0 um) and fine particles (less than 3.0 um). the ratios of mineral elements (Al, Si and Ca) were com-

Multivariate linear regression analysis was used to at-parable to those previously observed in the US demonstrat-

tribute WSOC (in nmol m®) to carbon associated with five jng the presence of soil dust (Kavouras et al., 2009; Chalbot
types of non-exchangeable organic hydrogen as follows: gt g, 2013a). The high molar N{HSQ% ratio suggested

the complete neutralization of sulfate by ammonia, while the
WSOC=a1-[Hlr-n + a2 [Hlu-c-c= +a3-[Hlo-c-n SO;~ /'S suggested the presence of other forms of S from oil
+as-[Hlo-ch-o+as - [Hlar—n + a0, (4)  and coal combustion.

whereas, ap, a3, a4 andas are the regression coefficients 31 Size distributi
of non-exchangeable R—-H, H-C=CO-C-H, O-CH-Oand ** Ize distribution

Ar—H concentrations (in nmol ). The interceptgg, ac- .
( ) Pleo The mean £ standard error) of particle mass, total wa-

counted for carbon not associated with the five organic hy
drogen types such as carboxylic. The coefficient of variationter SO.IUble extract (TWSE), V.VSOC and nqn—exch_a ngeable
organic hydrogen concentrations for the five regions (R—

of the root mean square error, CV(RMSE), was used to eval-
uate the residuals between measured and predicted wsolg H-C-C=, H-C-0, O-CH-O and Ar—H) for each par-

values. It was defined as the RMSE normalized to the mealC'® SiZ€ range are presented in Table 2. In T?ble 2, the
of the observed values: mean (- standard error) molar H/C ratio antt3C for

each particle size are also reported. The total particle mass
CV (RMSE) — RMSE concentration ranged from 1460.1pgnt3 for particles
WSOGneasured with 0.96 <dp<1.5um to 11.2-2.8ugnt3 for particles
N 2 with dp<0.49um. These levels were substantially lower
_ \/ di1 (Wsoqaredictedi _Wsocmeasuref’) (5) than those measured in other urban areas but compara-
B n - WSOGneasured ’ ble to those observed in forests (Kavouras and Stephanou,

. . ) ... 2002). The lowest and highest TWSE concentrations were
with RMSE being defined as the sample standard dewatlorE).S:t 0.1 pgnT3 and 5.4+ 1.4 ug nT3, accounting for about

of the differences between predicted values and observed va 13% of the largestd, > 7.2 im) and Up to 61 % of the small-

;Jheesé\r/]elfatgheevr:lusrgtéercg;g;i?rsalgoer:nents WBOCneasuredS est particlesp <0.96 um), respectively. The WSOC levels
' were 0.1+ 0.1 pgC mv3 for particles withdp >0.96 pm rep-
resenting 10 % of TWSE and 5% of particle mass and in-
3 Results and discussion creased to 1.2 0.1 pgC i3 (22.2% of TWSE and 10%
of particle mass) for particles withi; <0.96 um. The con-
Table 1 shows the ambient temperatuf€) baromet- tribution of WSOC to particle mass was slightly higher than
ric pressure (torr), concentrations of major aerosol typeghat computed in Hong Kong for P}d particles, albeit at
and concentration diagnostic ratios of PMaerosol dur-  substantially lower levels (Ho et al.,, 2006). For compari-
ing the monitoring period at Little Rock at the nearest son, the WSOC concentrations of size-fractionated aerosol
PM_ 5 chemical speciation site (EPA AIRS ID: 051190007; collected during the dry season in the Amazon varied from
Lat.: 34.756072N; Long.: 92.281139W) (Chalbot et al., 0.2 (3.5-10 um) to 30.4 ugCma (0.42—1.2 um) (Tagliavini
2013a). The site is located 3.6 km ENE (heading of 7)7.9 et al., 2006). The total non-exchangeable organic hydrogen
of the UAMS campus. The Interagency Monitoring of PRO- concentrations varied from 4210.1 nmol nt3 for particles
tected Visibility Environments (IMPROVE) Ppg mass re-  with 0.96 <dp <1.5umto 73.9: 12.3 nmol 3 for particles
construction scheme was used to estimate the mass of theith d, <0.49 um, with R-H being the most abundant group,
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Table 1. Major aerosol types and diagnostic ratios of Pdchemical species in Little Rock, Arkansas during the study period.

Variable Value Ratio Value
(meant st. error) (meatt st. error)
Ambient temperature®C) 10.6 (6.4-16.6) OE/EC 4.581.06
Barometric pressure (torr) 758 (756-762) Molar)‘ﬂl’-sofl_ 3.07+£0.29
Organic mass (g ) 5.5+0.9 so}[/s 2.66+0.90
Elemental carbon (ug rr?) 0.7+£0.1 Kt /K 1.00+0.28
Ammonium sulfate and nitrate (pg‘rﬁ) 444+1.6 K/Fe 0.8 0.25
Soil dust (pg nT3) 0.5+£0.1 Ni/V 0.44+0.41
Sea spray (ug ) 0.1+£0.1 Al/Si 0.404+0.20
Al/Ca 1.71+0.82

representing about 45 % of measured total non-exchangeab@&464 0.02 um for particle mass and TWSE, respectively.
organic hydrogen concentrations followed by H-C-0O (27 %) This confirmed the accumulation of water-soluble species
and H-C—G= (26 %). in the fine range. For WSOC and non-exchangeable or-

The molar H/C ratio may provide information on the ganic hydrogen, the size distribution illustrated a one-mode
types of sources; however, it should be cautiously evaluateghattern maximizing at particles with 0.495<1.5um and
because of the inherent inability to identify exchangeablecorresponding to MMADs for the whole range of parti-
protons in hydroxyl, carboxylic and amine functional groups cle sizes of 0.43-0.02 um for WSOC and 0.4%£0.01 um
at neutral pH values b{H-NMR (Duarte et al., 2007). H/C  for non-exchangeable organic hydrogen. Coarse particles
values higher than 2 were indicative of compounds with (> 3.0 um) had an MMAD of 11.8% 2.20 um for WSOC and
strong aliphatic components, while H/C values from 1 to 11.35+ 1.45um, which was substantially higher than that
2 were typically associated with oxygenated or nitro-organiccomputed for particle mass and TWSE, indicating the possi-
species, and H/ C values lower than 1 suggested an aromatlde contribution of very large carbonaceous particles. Pollen
signature (Fuzzi et al., 2001). The H/C molar ratios wereparticles from oak treesQuercu$ have diameters from 6.8
0.84+0.02 and 0.92-0.09 for particles withdp>3.0um,  to 37 um and only 10 % of them are present in smaller par-
decreased to 0.480.05 for particles with 0.96 4, <3.0um ticles (0.8-3.1 um) (Takahashi et al., 1995). The particle di-
and increased to 0.540.05 and 0.73 0.02 for smaller par- ameter of various types of tree and grass pollen ranged from
ticles {dp <0.96 um). In a previous study, the molar H/C ra- 22 to 115um (Diehl et al., 2001). On the other hand, the
tios for vegetation combustion and prescribed fire emissiondine particle MMADs for WSOC and non-exchangeable or-
collected very close to the fire front were 0.39 and 0.64—ganic hydrogen of fine particles were 0-8D.01 um and
0.68, respectively, suggesting a strong polyaromatic conten®.344 0.01 um (comparable to those computed for particle
that was typically observed in combustion-related processemass and TWSE), indicating the considerable influence of
(Adler et al., 2011; Chalbot et al., 2013b). WSOC on TWSE and particle mass in this size range.

The normalized concentration-based size distributions
(i.e., Lundgren diagrams, Van Vaeck and Van Cauwen-3 5 Eunctional characterization
berghe, 1985) of particle mass, TWSE, WSOC and total non-
exchangeable organic hydrogen concentrations are present%e

T ) 1H-NMR spectra of WSOC for different particle sizes
In Fig. 1a and b, respectively. Table 3 also shows the MaS3re shown in Fig. 2. The structure of the compounds identi-

median aerodynamic diameter for each measured variabI(?. d and the hvd . i h in Fia. 3. Th
Particle mass and TWSE followed a bimodal distribution "co 2Nd the hydrogen assignment are snown in Fig. . The
spectra are characterized by a combination of sharp reso-

with local maxima for particles with 0.494,<1.5um an . .
th local maxima for particles with 0.49d, < 1.5 um and nances of the most abundant organic species and convo-

3.0<dp<7.2um. The first mode (i.e., fine particles) corre- luted resonances of many organic compounds present at low
sponded to MMADS of 0.33-0.03 um for particle mass and concentrations. This section describes the variabilityrbf

0.39:£0.02 um for TWSE, which was typical of those ob- NMR spectra for different particles sizes in qualitative terms
served in other urban areas (Table 3) (Aceves and Grimalt P ' parti 1z€s In quartativ :

1993: Kavouras and Stephanou, 2002). The MMADs of par—A Iimited number of resonances were assigned to spe_cific or-
ticle mass and TWSE for the second mode (i.e., coarse pargan.'c compound; using rgferenge NMR spectra and in com-
ticles) were 9.15 2.75um and 6.3% 0.45 pum, suggesting pa_?;on Wltg previous stuilesf (W'Sh"’?”l et al.., 200(?11;9

the presence of water-insoluble species (e.g., metal oxides\kl e predominant peaks for particles wiif <0.49 im

in larger particlesdp > 7.2 um). The MMADs calculated for ere those_m thezSO_.8 ppm to 51-8.'09”_‘ range, with a
the whole range of particle sizes were 0:68.48 um and somewhat bimodal distribution maximizing &t~ 0.9 ppm

and § ~ 1.3 ppm, respectively. They had previously been
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Table 2. Particle mass, TWSE, WSOC and non-exchangeable organic hydrogen concentratiéf¥Caatieach impactor stage for urban

aerosol.

Diameter (um)

30-7.2um 7.2-3.0um 3.0-1.5pum 1.5-0.96 pm 0.96-0.49 pm <0.49um
Particle mass (ug ) 3.6+0.8 3.5+£0.9 1.7+0.3 1.6+0.1 2.6t£0.1 11.2+£2.8
TWSE (ug n3) 0.5+0.1 1.0+04 0.6£0.2 0.7£0.2 1.6+0.1 5.4+1.4
WSOC (ugm 3) 0.2+0.1 0.1+0.1 0.1+0.1 0.1+0.1 0.4+0.1 1.2+0.2
Total organic H (nmol m3) 12.5+0.9 7.8+£1.0 4.1+0.1 5.7£1.3 17.4+£ 3.5 73.412.3
R-H (nmol nT3) 1.7£0.3 1.9+04 1.1+ 0 26t1.4 9.1+ 2.5 33.86+11.9
H-C-C= (nmol m3) 1.44+0.1 1.5+0.1 0.9£0.1 1.6+0.8 6.4+ 1.9 19.3£8.4
H—-C-O (nmol nT3) 9.0+1.2 4.2+1.6 1.9+0.1 1.4+0.2 1.7+05 20+2.7
O-CH-0 (nmol nT3) 0.2+0.2 0.1+0.2 0.1+0.1 0.1+0.1 0.1+0.1 0.5+£0.4
Ar—H (nmol m3) 0.1+0.1 0.14+0.1 0.1+0.1 0.1+0.1 0.1+0.1 0.3£0.2
Molar H/ C ratio 0.84+0.02 0.92+0.09 0.48+0.02 0.48+0.02 0.54+0.05 0.73t0.02
s13c —25.93+0.31 —-25.83+0.19 —-25.61+0.05 —-26.13+0.11 —-26.76+0.22 —26.81+0.18
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Figure 1. Size distribution for urban particle mass and TW@E 0 4
L

WSOC and non-exchangeable organic hydro@i®n molar H/C
ratio (c) ands13cC (d).

0.96-0.49 um

Table 3. Mass median aerodynamic diameter (in um) of particle
mass, TWSE, WSOC and non-exchangeable organic hydrogen.

Figure 2.500 MHz 1H-NMR of size-fractionated WSOC. The seg-
ment fromé§4.5 to §5.0 ppm was removed from all NMR spectra
due to HO residues. The peaks were assigned to specific com-
pounds as follows: formate (Fo), levoglucosan (L), glucose (G), su-
crose (S), methanesulfonate (MSA), trimethylamine (TMA), succi-
nate (Su), acetate (A), dimethylamine (DMA), monomethylamine

Total Coarse Fine
Particle mass 0.680.19 9.15:2.75 0.39:0.03 K
TWSE 0.464+0.02 6.35£0.45 0.3%40.02
WSOC 0.43+:0.02 11.83t2.20 0.3A40.01
Organic hydrogen 0.4%£0.01 11.35£1.45 0.34:£0.01
R-H 0.37+0.01 7.00£0.01 0.34:0.01
H-C-C= 0.414+0.03 7.13:0.03 0.3A40.02
O-C-H 0.48:0.02 13.05-1.95 0.3140.01
O-CH-0O 0.73:0.07 10.25-0.25 0.40:£0.04
Ar—H 1.25+0.65 10.1Gt0.90 0.53+0.12
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(MMA), fructose (F), trigonelline (T), phthalic acid (PA), tereph-

©
~
o

Chemical Shift (ppm)

thalic acid (TA), ammonium ions (Nfl).
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o JHoH O " o o aminium salts through scavenging by aqueous aerosol and
“*ﬁéj\o” HONQH NN Khll\f’ \;»[:\, >\—:S',—°H reactions with acids, gas-phase acid—base reactions and dis-
A ° placement of ammonia from pre-existing salts (VandenBoer
et al., 2011). The three amines were observed in particles

Acg:lunc Succinate Monomethylamine  Dimethylamine ~ Timethylamine ~ Methanesulfonate
2 4

H

N uH He with dp <0.96 pm, which was consistent with previous stud-

y :
HonH ¢ H 9 “ ’—A 0 . . T .
Hoé\t"j;‘?“ H;;,,,“js S <°” o o N0ty nal oy ies and the suggested gas-to-particle partitioning mechanism
Ho| H s w8 9 7 ol oH .
Ho" N o Ho,@f‘ RGN HQ% : HQ,-@ZH (Mueller et al., 2009; Ge et al., 2011). Nitrate and sulfate
1 8 R ‘oY H m i 7 9 . . . . . .
o T e on “OH N particles constituted a considerable fraction of fine particles
Glugose swrose Frucoe Levoglucosn in Little Rock, Arkansas and it was associated with trans-

) 508 R i port of air masses over the Great Plains and Upper Mid-
/k ..ff#o_ 1 AN AN . " ° west, two regions with many animal husbandry facilities
e G T A U o Hoﬁﬂ” and the highest Nkiemissions in the US (Chalbot et al.,
Ii w4 I o 2013a). The presence of aminium/ammonium salts in the
Fomai i et P Aci Terephthalic Acid Wate_r-soluble fraction_ was also verified by the strong am-
h moniumH-N coupling signals a7.0-7.4ppm (11:1
Figure 3. Structures of compounds assigned from the NMR spectratriplet, Jun ~ 70 Hz) (Suzuki et al., 2001). Methanesulfonic
of fractionated aerosols. The protons responsible for the NMR sig-acid (MSA) was also present (GHt §2.81 ppm). MSA is a
nals are colored as follows: brown (bound to carbon alpha of the cartracer of marine aerosols, formed from dimethylsulfide oxi-
boxylic acid group), orange (methyl groups bound to amines), lightdation. We previously demonstrated the contribution of ma-
blue (bound to carbon alpha of the sulfonic acid group), green (glu-rine aerosols originating from the Gulf of Mexico in Little
cose), blue (sucrose), purple (fructose), red (levoglucosan), lighRock (Chalbot et al., 2013a). MSA was accumulated to fine
ghreen (aromatic hydrogen). T_he H in bold indicates the signals iNand ultrafine particlesiy < 1.5 um) (Fig. 2d—).
the 5.1-5.7 ppm range (see Fig. 4). Two segments of the carbohydrate regiéB.0—4.4 ppm
and §5.1-5.6 ppm) of thé"H-NMR spectra for the largest
and smallest particles sizes are presented in Fig. 4a—
attributed to terminal methyl groups, alkylic protons and pro-d, respectively. In addition, Fig. 4e and f show the
tons bound on €0 in compounds with a combination of combination of individual NMR reference spectra for
functional groups and long aliphatic chains (Decesari et al.glucose (HMDB00122), sucrose (HMDB00258), fructose
2001). The'H-NMR fingerprint in this region was com- (HMDB00660) and levoglucosan (HMDBO00640) retrieved
parable to that obtained for soil humic compounds, atmo-from the Human Metabolome Database (HMDB) NMR
spheric humic-like species and urban traffic aerosol (Suzukidatabases (Wishart et al., 2009). THé&-NMR spectra of
et al., 2001; Bartoszeck et al., 2008; Song et al., 2012;size-fractionated WSOC contain both convoluted resonances
Chalbot et al., 2013b). It was previously observed that longillustrated by a broad envelope in the spectra, and sharp
chain (Ce—C30) n-alkanoic acidsy-aldehydes and-alkanes  resonances. For particles withh > 7.2 um, the spectra were
accumulated in particles with, <0.96 um (Kavouras and dominated by sharp resonances assigned to glucose (G in
Stephanou, 2002). The intensity of the convoluted reso+ig. 2; H-3, multiplet at83.24 ppm; H-5, multiplet a83.37—
nances decreased for increasing particle sizes. 3.43ppm; H-6, multiplet a 3.44-3.49 ppm; H-3, multi-

In the §1.8-3.2ppm range, the sharp resonances aplet at §3.52 ppm; H-4, multiplet at83.68-3.73 ppm; H-
§1.92ppm ands2.41ppm were previously assigned to 11, multiplet at§3.74-3.77 ppm and 3.88-3.91 ppm; H-6
aliphatic protons inx position in the COOH group in ac- and H-11, multiplet at 3.81-3.85 ppm; and alpha H-2, dou-
etate (H-4 in Fig. 3) and in succinate (H-4 and H-5 in Fig. 3). blet at 5.23 ppm), sucrose (S in Fig. 2; H-10, multiplet
These species were observed in the coarse fraction (Fig. 2eat 3.46 ppm; H-12, multiplet at 3.55 ppm; H-13, singlet at
f) but not in fine and ultrafine particles (Fig. 2a—c). These §3.67 ppm; H-11, multiplet at 3.75ppm; H-17 and H-19,
two acids (as well as formate) were typically associated withmultiplet at§3.82 ppm; H-9, multiplet at 3.87 ppm; H-5, mul-
photo-oxidation processes and were present in the accumulaiplet at 3.89 ppm; H-4, multiplet &4.06 ppm; H-3, doublet
tion mode; however, Matsumoto et al. (1998) demonstratedat §4.22 ppm and H-7, doublet at 5.41 ppm) and fructose (F
that they were also present in sea spray coarse particlesn Fig. 2; H-7, multiplet at§3.55-3.61 ppm; H-7 and H-11,
Coarse acetate and formate were also observed in soil dustultiplet at§3.66—3.73 ppm; H-3, H-5 and H-11, multiplet at
particles (Chalbot et al., 2013b). 83.79-3.84 ppm; H-4, multiplet #8.89-3.91 ppm; H-5 and

The CH; in mono-, di- and tri-methylamines (Fig. 3) H-11, multiplet a$83.99—-4.04 ppm; H-3 and H-4, multiplet at
was allocated to sharp resonancessats9, §2.72, and  §4.11-4.12 ppm). The overall NMR profile in this range was
82.92 ppm, respectively. The major source of amines wasomparable to that observed for the combination of glucose,
animal husbandry and they were co-emitted with ammoniasucrose and fructose reference spectra (Fig. 4e and f) and
(Schade and Crutzen, 1995). They were present as vapoetmospheric pollen (Chalbot et al., 2013c). The intensity of
but they partition to aerosol phase by forming non-volatile proton resonances in tt88.30—4.15 ppm range was highest
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P SiEG previously observed in thEH-NMR spectra of aerosol sam-
s 5 fu.l/S : ples dominated by biomass burning in the Amazon (Graham
o/ » N\t I / etal., 2002).
SN oun
| - . VLl I R A group of very sharp resonances betwexh23 and

s \ 1‘“ t AR 53.27 ppm was observed with increasing intensity as particle

U size increased (Fig. 2a—f). These peaks were previously at-

tributed to H-C—X (where XBr, Cl, or I) functional groups
(Cavalli et al., 2004).

The intensities of proton resonances in the aromatic re-
gion were very low, accounting for 0.3 to 1.2 % of the total
non-exchangeable hydrogen concentration, which was con-
sistent with those observed in other studies (Decesari et al.,
2007; Cleveland et al., 2012). Resonances were previously
attributed to aromatic amino acids and lignin-derived struc-
| tures, mainly phenyl rings substituted with alcohols OH,

55 84 83 525) 10 - 3s ' 30 methoxy groups O-Cgland unsaturated -€C bonds, and

e R their combustion products (Duarte et al., 2008). Four organic
Figure 4.500 MHz§3.0-4.4 ppm and5.1-5.6 ppm 1H-NMR seg- compounds were identified by means of their NMR refer-
ments for the largesa, b) and smallest particles siz¢s, dyand  ence spectra. These were formate (Fo in Fig. 2; H-2, sin-
reference NMR specti@, f) of levoglucosan (red), glucose (green), glet at 8.47 ppm), trigonelline (T in Fig. 2; H-4, multiplet
sucrose (blue) and fructose (purple). at$8.09 ppm; H-5 and H-3, multiplet 48.84 ppm; H-1, sin-

glet at§9.13 ppm; H-9, singlet at 4.42 ppm), phthalic acid (P

in Fig. 2; H-4 and H-5, multiplet at7.58 ppm; H-3 and H-6,
for the largestdp > 7.2 um) and smallestif < 0.49 um) parti- ~ multiplet at57.73 ppm) and terephthalic acid (TA in Fig. 2;
cles and decreased approximately eight times for particles itd-6, H-2, H-5 and H-3, multiplet a§8.01). Formate and
the 0.96 <@, <1.5um size range (Fig. 2a—f). Carbohydratestrigonelline were only observed in particles with> 7.2 ym
of biological origin (i.e., pollen) were typically associated due to the absorption of formate on pre-existing particles and
with large particles; however, they were also observed inthe biological origin of trigonelline (Chalbot et al., 2013c).
fine biomass burning or biogenic aerosols (Bugni and Ire-The phthalic acid and its isomer, terephthalic acid, were only
land, 2004, Medeiros et al., 2006; Agarwal et al., 2010; Fuobserved in particles with, <0.49 um. These compounds
et al., 2012; Chalbot et al., 2013c). The diameter of airbornehave already been detected in urban areas and vehicular ex-
fragments of fungal and pathogenic material may be <1 umhausts (Kawamura and Kaplan, 1987; Alier et al., 2013).
with their highest concentrations being measured in fall andThey may also be formed during the oxidation of aromatic
spring (Yamamoto et al., 2012). The presence of sugars ifydrocarbons, but oxidation reactions are not favored by pre-
particles withd, <0.49 um may be due to particle breakup vailing atmospheric conditions in the winter in the study area
during sampling, an inherent artifact of impaction (Kavouras (Kawamura and Yasui, 2005).
and Koutrakis, 2001). It has been shown that this error may Overall, the qualitative analysis of 1H-NMR spectra
account for up to 5% of the particle mass for particles with showed the prevalence of sugars in larger particles and a
diameters higher than the cut-off point of the impactor stage mixture of aliphatic and oxygenated compounds associated
In our study, this would add up to 0.05 nmotfh(or 0.2%)  with combustion-related sources such as biomass burning
of the non-exchangeable H-C-O concentration to the conand traffic exhausts. The presence of ammonium/aminium
centration of particles witd, <0.49 um, suggesting the neg- salts, probably associated with nitrate and sulfate secondary
ligible influence of sampling artifacts on the observed sizeaerosol, was also identified.
distribution.

Levoglucosan (H-6, multiplet at3.52 ppm; H-7 and H- 3.3 Source reconciliation
8, multiplet at5§3.67; H-2, multiplet a$3.73-3.75 ppm and
at 4.08ppm; H-5, singlet at 5.45ppm (H-3 at 4.64 ppm; The §13C ratios and the relative presence of the different
this peak was not visible due to interferences from solventtypes of protons were further analyzed to identify the sources
residues)) was also detected in the carbohydrate region aéf WSOC. Stablé3C isotope ratios have been estimated for
the ultrafine and finéH-NMR. Its concentrations, computed different types of organic aerosol. The compounds associ-
using the resonance &6.45ppm, ranged from 1.1 ngTh ated with marine aerosols emitted via sea spray Bave
for particles withd,>7.2um to 19.1ng m® for particles  values from—20 to —22 %o (Fontugne and Duplessy, 1981),
with 0.49 <dp <0.96 um. The mean total concentration was and a decrease in thd3C to —26+ 2 %o of marine tropo-
33.1ng 73, which was comparable to those observed in USspheric aerosols has been associated with the presence of
urban areas (Hasheminassab et al., 2013). Levoglucosan wasntinental organic matter (Cachier et al., 1986; Chesselet
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Figure 5. Association of the 13C isotopic ratio with the

WSOC / particle mass ratio. Figure 6. Functional group distributions of WSOC for each im-

pactor stage. The boundaries of biomass burning, marine and sec-
ondary organic aerosol were obtained from Decesatri et al. (2007).

et al., 1981). The carbon isotopic ratio of particles from the
epicuticular waxes of terrestrial plants is related to the plantgenated (HC—€O in acids and ketones) groups, the ben-
physiology and carbon fixation pathways, with plants be-  zylic (H-C-Ar) groups, the unfunctionalized alkyl (H-C)
ing less enriched if3C (from —20 %o to —32 %o) than the  groups, and minor contributions from other aliphatic groups
Cy4 plants 9 to —17 %o) (Collister et al., 1994; Ballan- such as the sulfonic group of MSA. More recently, Cleve-
tine, 1998). Thes13C ratios of organic aerosol from com- land et al. (2012) demonstrated the need to define the bound-
bustion of unleaded gasoline and diesel a@4.2+ 0.6 %o aries for urban and industrial aerosol that were described
and —26.2+ 0.5 %o, respectively (Widory et al., 2004). At- by moderate H-C-0OX(H-C-) and H-C-&0O/x(H-C-
mospheric aging during transport increases the isotopic ra} ratios. Figure 6 depicts the locations of the urban size-
tios (Aggarwal et al., 2013). In our study, thé3C values fractionated samples collected in this study, in relation to
increased from—-26.814+0.18 %0 for the smallest particles the three aforementioned WSOC sources. Overall, the H-
(dp<0.49 um) t0—25.934+0.31 %o for the largest particles C-C=0/X(H-C-) ratio increased and the H-C-B(H—
(dp> 7.2 um), indicating a size-dependent mixture of anthro-C-) ratio decreased for decreasing particle sizes. The H-
pogenic and biogenic sources. Figure 5 shows the associatiod—C=0/ X (H-C-) varied from 0.12 to 0.50 and the H-C-
(r® =0.69) between the WSOC-to-particle mass ratio andO/ % (H—C-) varied from 0.13 to 0.79. The data points for the
§13C for particles with different sizes. THEC enrichmentof ~ smaller particlesdp < 1.5 um) were within the boundaries of
WSOC for low WSOC-to-particle mass ratios indicated the biomass burning and SOA, demonstrating the significance of
negligible effect of atmospheric aging. The predominance ofwood burning emissions. The presence of biological aerosol
R-H, moderate H/C ratios and lo8#/3C for the smaller  with dp>3.0um yielded low H-C-€0/X(H-C-) ratios
particles ¢, <0.96 um) were consistent with the contribu- with a clear separation from combustion-related processes.
tion of combustion-related sources (Fig. 1¢ and d). A highThese findings, in conjunction with those presented by Dece-
§13C ratio, the prevalence of oxygenated groups (H-C—O)sari et al. (2007) and Cleveland et al. (2012), suggest distinct
and a high H/ C ratio such as those observed for coarse partsignatures for different sources of organic aerosol that, once
cles @p> 3.0 pm) would point towards aged organic aerosol; defined, may be used to determine the predominant sources
however, the large size of particles with these characteristicef particulate WSOC.
and the low WSOC-to-particle mass ratio suggested the in- The MMAD for the specific types of organic hydrogen
fluence of primary biogenic particles (Table 1). may also provide qualitative information on the origin of or-
By plotting the ratios of calculated carboxylics and ke- ganic aerosol. The MMAD of an organic species is found at
tones (H-C-c0O) (by subtraction of the Ar-H from the a significantly smaller particle size than for the total aerosol
H-C—C= region) to the total aliphatic{(H-C-)) and H— when condensation (i.e., hot vapors cooling) or a gas-to-
C-0O/X(H-C-), Decesari et al. (2007) assigned three areaparticle conversion mechanism prevails. The MMAD for R—
of the plot to OC sources, namely, biomass burning, ma-H and H-C—G= were comparable, indicating a common ori-
rine and secondary organic aerosol. ThgH-C-) included  gin. Their MMAD values for the total particle size range,
the saturated (H-C—-O, hydroxyls) and the unsaturated oxyeoarse particles and fine particles were lower than those
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computed for particle mass and WSOC that can be inter- 1600
preted by the condensation of hot vapor emissions from fossil
fuel combustion and wood burning. This was further corrob-
orated by the similar MMAD values for the total particle size
range and fine particles for R-H and H-C=C

However, different trends were observed for O-C—H, O-
CH-0O and Ar-H. For O-C—H, the MMADs suggested a
dual origin: (i) a strong condensation pathway for fine par-
ticles with an MMAD value (0.3% 0.01 um) for fine par-
ticles that was lower than that for the entire particle size
range (0.48 0.02 um) and fine MMADSs for particle mass
and WSOC, and (ii) a dominant primary (i.e., direct parti- |
cle emissions) pathway for coarse particles with the high- 04
est MMAD values for all particle metrics in this study T T T T T T T
(13.05+1.95 um). Lastly, the high MMAD values for O— 0 200 400 600 800 1000 1200 1400 1600
CH-0 and Ar—H for the entire and fine particle size ranges Predicted WSOC (nmol/m?)
as compared to those computed for the other types of organic
hydrogen, particle mass and WSOC pointed towards emis- -gr'c':"o -Scczl-c':?
sions of primary particles. =R:H- I H-c-c=

1400 —
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= 36.6
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Measured WSOC (nmol/m?®)
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100 4
3.4 WSOC reconstruction

In this section, we estimated the contribution of each type of 801
non-exchangeable organic hydrogen to WSOC levels by re-
gression analysis (Eg. 4) without making any assumptions 60 4
about the H/C ratio. The regression coefficients are esti-
mates of the product of the H/C ratio and the relative pres-
ence of the functional group in the overall organic composi-
tion. Figure 7a presents a comparison between the measure
and calculated WSOC levels and Fig. 7b illustrates the at- 20
tribution of WSOC concentrations to specific types of car-
bon using the same definitions as for the non-exchangeable
protons, i.e., saturated aliphatic (R—H), unsaturated aliphatic >72  72-30 30-15 15-0096 0.96-049 < 0.49
(H-C-C=), oxygenated saturated aliphatic (H-C-0O), ac- Impactor stage (d, in um)

etalic (O—CH-0) and aromatic (Ar—H), respectively. There

was very good agreement?(= 0.99, slope of 0.9964) be- Figure 7. Measured and predicted WSOC concentratitajsand
tween measured WSOC and predicted WSOC concentrationgontributions of R—H, H-C-€, H-C-0, O-CH-0 and Ar-H on
with an CV(RMSE) of 0.02 (or 2%). The R—H carbon was WSOC(b) for each impactor stage of urban aerosol.

the predominant type of WSOC for particles with< 7.2 um

(41-60 %) and declined to 28 % for the largest particles. Sim-

ilarly, the H-C—G= carbon was the second most abundantternary C). Alkenoic acids and alcohols in urban environ-
WSOC type for particles with, < 7.2 pm (25-34 %) and de- ments have been shown to be accumulated in particles with
clined moderately to 17 % for the largest particles. The H-C-0.96 <d, < 3.0 um (Kavouras and Stephanou, 2002). Overall,
O carbon accounted for approximately 49 % of the identifiedthis analysis showed that aliphatic carbon originating from
WSOC for particles withi, >7.2 um and decreased to 4 % anthropogenic sources accounted for the largest fraction of
of WSOC for particles withip < 1.5 um. The contribution of ~ fine and ultrafine WSOC. Sugars and other oxygenated com-
aromatic carbon to WSOC increased from 2 % for the small-pounds associated with biological particles dominated larger
est particles to 6% for the larger particles, while acetalicparticles. Atmospheric aging appeared to be negligible dur-
carbon accounted for 1% for all particle size ranges. Theing the monitoring period.

WSOC not associated with the five carbon types was neg-

ligible (less than 1 %) for particles witl, <0.49 um and in-

creased to 47 % of WSOC for particles with 1.8;,<3.0um 4 Conclusions

and 22 % for larger particles. The carbon deficit may be re-

lated to carbon associated with carboxylic and/or hydroxylThe functional characteristic of water soluble organic carbon
groups and carbon atoms with no C-H bonds (e.g., quafor different particles sizes in an urban area during winter

% WSOC

40 4

Atmos. Chem. Phys., 14, 607%6088 2014 www.atmos-chem-phys.net/14/6075/2014/



M.-C. G. Chalbot et al.: Functional characterization of water-soluble organic carbon 6085

and spring has been studied. UsiHg-NMR fingerprints,  References

13C isotopic analysis and molecular tracers, the sources of

particulate WSOC were reconciled for specific functional or- AC€ves, M. and Grimalt, J. O.: Seasonally dependent size distribu-
ganic groups. A bimodal distribution was drawn for particle tions of aliphatic and polycyclic aromatic hydrc_)carbon_s in urban
mass and water-soluble extract. WSOC and organic hydro- 2?“’258%2 frztgrgsdigzesly populated areas, Environ. Sci. Technol.,
gen were distributed between fine particles with MMADs of ’ - ‘ '

. . Adler, G., Flores, J. M., Abo Riziq, A., Borrmann, S., and Rudich,
0.37 and 0.34 um and coarse particles with MMADs of 11.83 Y.: Chemical, physical, and optical evolution of biomass burn-

and 11.35um, indicating a mixture of primary large organic  j,q aerosols: a case study, Atmos. Chem. Phys., 11, 1491-1503,
aerosol and condensed organic species in the accumulation ¢oj:10.5194/acp-11-1491-2012011.

mode. The NMR spectra for larger particle, ¢3.0um)  Agarwal, S., Aggarwal, S. G., Okuzawa, K., and Kawamura,
demonstrated a strong oxygenated saturated aliphatic contentK.: Size distributions of dicarboxylic acids, ketoacids;

and the presence of fructose, sucrose, glucose, acetate, for-dicarbonyls, sugars, WSOC, OC, EC and inorganic ions in atmo-
mate and succinate. These compounds have been previously spheric particles over Northern Japan: implication for long-range
found in pollen, soil and sea spray particles. For smaller par- transport of Siberian biomass burning and East Asian polluted
ticles (@, < 1.5 um), the NMR spectra were dominated by sat- aerosols, Atmos. Chem. Phys., 10, 5839-585810d5194/acp-
urated and unsaturated aliphatic protons. Organic species ag- 10-5839-20102010. . _

sociated with biomass burning (i.e., levoglucosan) and urban ggarwal, S. G., Kawamura, K., Umarji, G. S., Tachibana, E.,

. .. L Patil, R. S., and Gupta, P. K.: Organic and inorganic mark-
t'rafflc emISSI.onS (phthalate and terephthalate)_ were tenta- ers and stable C-, N-isotopic compositions of tropical coastal
“Vell_/ determmEd_- Furthermore, resonances att”_bUted 10 am- 4er0s0ls from megacity Mumbai: sources of organic aerosols and
monium and amines were recognized, suggesting the pres- atmospheric processing, Atmos. Chem. Phys., 13, 4667—4680,
ence of ammonium/aminium nitrate and sulfate secondary doi:10.5194/acp-13-4667-2012013.
aerosol. Theét13C corroborated the local anthropogenic ori- Alier, M., van Drooge, B. L., Dall'Osto, M., Querol, X., Gri-
gin of fine and ultrafine organic aerosol. The values of the H— malt, J. O., and Tauler, R.: Source apportionment of submi-
C-C=0/%(H-C-) and H-C—OX:(H-C-) ratios for the dif- cron organic aerosol at an urban background and a road site in
ferent particle sizes also confirmed the mixed contributions Barcelona (Spain) during SAPUSS, Atmos. Chem. Phys., 13,
of urban and biomass burning emissions for fine and ultra- 10353-10371, ddl0.5194/acp-13-10353-2012013. N
fine aerosol. The observed distribution of functional groupsB!antine, D. C., Macko, S. A., and Turekian, V. C.. Variability
allowed for the distinct separation of biomass burning and of stable carb_on isotopic composition in |n_d|V|_duaI fatty acids

. . . . . from combustion of C4 and C3 plants: implications for biomass
pollen particles, in agreement Wlth previous stgdles. More burning, Chem. Geol., 152, 151-156, 1998.
than 95 % of WSOC was associated with the five types ofgarioszeck, M., Polak, J., and Sulkowski, W. W.: NMR study of the
non-exchangeable organic hydrogen shown for the largest numification process during sewage sludge treatment, Chemo-
and smallest particle sizes. Overall, we characterized the sphere, 73, 1465-1470, 2008.
WSOC in the southern Mississippi Valley, a region influ- Bugni, T. S. and Ireland, C. M.: Marine-derived fungi: a chemically
enced by local anthropogenic sources, intense episodes of and biologically diverse group of microorganisms, Nat. Prod.
pollen, and regional secondary sources of anthropogenic and Rep., 21, 143-163, 2004.
marine origin. We showed that NMR provides qualitative Cachier, H., Buat-Menard, P., Fontugne, M., and Chesselet, R.:
and, in conjunction with thermal optical reflectance and iso- -ong-range transport of continentally-derived particulate carbon
topic analysis, quantitative information on the compositional " tg.e ma”ﬂe atmgzphgre: ev'deggz from stable carbon isotopic
features of WSOC. Finally, the relative distribution of non- studies, Tellus B, 38, 161177, 1986.

h bl ic hvd f . | appa, C. D., Lovejoy, E. R., and Ravishankara, A. R.: Evidence
exchangeable organic hydrogen functional groups appeare for Liquid-Like and Nonideal Behavior of a Mixture of Organic

to be distinctively unique for pollen particles and different  aeros0l Components, P. Natl. Acad. Sci. USA, 105, 18687—

than that previously observed for biomass burning and bio- 18691, 2008.

genic secondary organic aerosol, indicating that the origin ofcavalli, F., Facchini, M., Decesari, S., Mircea, M., Emblico, L.,

WSOC may be determined. Fuzzi, S., Ceburnis, D., Yoon, Y., O’'Dowd, C., Putaud, J., and
DellAcqua, A.: Advances in characterization of size-resolved
organic matter in marine aerosol over the North Atlantic, J. Geo-

Acknowledgementsie would like to thank R. Helm for editing phys. Res.-Atmos., 109, D24215, dd:1029/2004JD0051377

the manuscript. The opinions expressed here do not necessarily 2004.

represent those of the US Food and Drug Administration. Chalbot, M.-C., McElroy, B., and Kavouras, I. G.: Sources, trends
and regional impacts of fine particulate matter in southern Mis-
Edited by: A. Carlton sissippi valley: significance of emissions from sources in the

Gulf of Mexico coast, Atmos. Chem. Phys., 13, 3721-3732,
doi:10.5194/acp-13-3721-2013013a.

Chalbot, M. C., Nikolich, G., Etyemezian, V., Dubois, D. W., King.,
J., Shafer, D., Gamboa Da Costa, G., Hinton., J. F., and Kavouras,
I. G.: Soil humic-like organic compounds in prescribed fire

www.atmos-chem-phys.net/14/6075/2014/ Atmos. Chem. Phys., 14, 6@GCBS8 2014


http://dx.doi.org/10.5194/acp-11-1491-2011
http://dx.doi.org/10.5194/acp-10-5839-2010
http://dx.doi.org/10.5194/acp-10-5839-2010
http://dx.doi.org/10.5194/acp-13-4667-2013
http://dx.doi.org/10.5194/acp-13-10353-2013
http://dx.doi.org/10.1029/2004JD0051377
http://dx.doi.org/10.5194/acp-13-3721-2013

6086 M.-C. G. Chalbot et al.: Functional characterization of water-soluble organic carbon

emissions using nuclear magnetic resonance spectroscopy, Eluarte, R. M. B. O., Santos, E. B. H., Pio, C. A,, and Duarte, A.
viron. Pollut., 181, 167-171, 2013b. C.: Comparison of structural features of water-soluble organic

Chalbot, M. C., Gamboa da Costa, G., and Kavouras I. G.: NMR matter from atmospheric aerosols with those of aquatic humic
analysis of the water soluble fraction of airborne pollen particles, substances, Atmos. Environ., 41, 8100-8113, 2007.

Appl. Magn. Reson., 44, 1347-1358, 2013c. Duarte, R. M. B. O., Silva, A. M. S., and Duarte, A. C.: Two-

Chesselet, R., Fontugne, M., Buat-Menard, P., Ezat, U., and Lam- dimensional NMR studies of water-soluble organic matter in
bert, C. E.: The origin of particulate organic carbon in the marine  atmospheric aerosols, Environ. Sci. Technol., 42, 8224-8230,
atmosphere as indicated by its stable carbon isotopic composi- 2008.
tion, Geophys. Res. Lett., 8, 345-348, 1981. Finessi, E., Decesari, S., Paglione, M., Giulianelli, L., Carbone, C.,

Cho, A. K., Sioutas, C., Miguel, A. H., Kumagai, Y., Schmitz, D. Gilardoni, S., Fuzzi, S., Saarikoski, S., Raatikainen, T., Hillamo,
A., Singh, M., Eiguren-Fernandez, A., and Froines, J. R.: Redox R., Allan, J., Mentel, Th. F., Tiitta, P., Laaksonen, A., Petdja,
activity of airborne particulate matter at different sites in the Los  T., Kulmala, M., Worsnop, D. R., and Facchini, M. C.: Determi-
Angeles Basin, Environ. Res., 99, 40-47, 2005. nation of the biogenic secondary organic aerosol fraction in the

Cleveland, M. J., Ziemba, L. D., Griffin, R. J., Dibb, J. E., Anderson,  boreal forest by NMR spectroscopy, Atmos. Chem. Phys., 12,
C. H., Lefer, B., and Rappenglueck, B.: Characterization of ur- 941-959, doit0.5194/acp-12-941-2012012.
ban aerosol using aerosol mass spectrometry and proton nucle&ontugne, M. R. and Duplessy, J. C.: Organic-Carbon isotopic frac-
magnetic resonances, Atmos. Environ., 54, 511-518, 2012. tionation by marine plankton in the temperature-rardeto 31

Collister, J. W., Rieley, G., Stern, B., Eglinton, G., and Fry, B.: degres C, Oceanol. Acta, 4, 85-90, 1981.

Compound-specific delta-C-13 analyses of leaf lipids from plantsFu, P., Kawamura, K., Kobayashi, M., and Simoneit, B. R. T.: Sea-
with differing carbon-dioxide metabolisms, Org. Geochem., 21, sonal variations of sugars in atmospheric particulate matter from
619-627, 1994. gosan, jeju island: Significant contributions of airborne pollen

Coplen, T. B.: Guidelines and recommended terms for expression and asian dust in spring, Atmos. Environ., 55, 234-239, 2012.
of stable-isotope-ratio and gas-ratio measurement results, RapiBfuzzi, S., Decesari, S., Facchini, M. C., Matta, E., Mircea, M.,
Commun. Mass Sp., 25, 2538-2560, 2011. and Tagliavini, E.: A simplified model of the water soluble or-

Decesari, S., Facchini, M., Fuzzi, S., and Tagliavini, E.: Charac- ganic component of atmospheric aerosols, Geophys. Res. Lett.
terization of water-soluble organic compounds in atmospheric 28, 4079—-4082, 2001.
aerosol: A new approach, J. Geophys. Res.-Atmos., 105, 1481Ge, X., Wexler, A. S., and Clegg, S. L.: Atmospheric Amines — Part
1489, 2000. 1. A review, Atmos. Environ., 45, 524-546, 2011.

Decesari, S., Facchini, M., Matta, E., Lettini, F., Mircea, M., Fuzzi, Ghan, S. J. and Schwartz, S. E.: Aerosol properties and processes —
S., Tagliavini, E., and Putaud, J.: Chemical features and seasonal A path from field and laboratory measurements to global climate
variation of fine aerosol water-soluble organic compounds in the models, B. Am. Meteorol. Soc., 88, 1059-1083, 2007.

Po valley, Italy, Atmos. Environ., 35, 3691-3699, 2001. Goldstein, A. H. and Galbally, I. E.: Known and unexplored organic

Decesari, S., Fuzzi, S., Facchini, M. C., Mircea, M., Emblico, L.,  constituents in the earth’s atmosphere, Environ. Sci. Technol., 41,
Cavalli, F., Maenhaut, W., Chi, X., Schkolnik, G., Falkovich, 1514-1521, 2007.

A., Rudich, Y., Claeys, M., Pashynska, V., Vas, G., Kourtchev, Graham, B., Mayol-Bracero, O., Guyon, P., Roberts, G. C., Dece-
I., Vermeylen, R., Hoffer, A., Andreae, M. O., Tagliavini, E., sari, S., Facchini, M. C., Artaxo, P., Maenhaut, W., Kaoll,
Moretti, F., and Artaxo, P.: Characterization of the organic com- P., and Andreae, M. O.: Water-soluble organic compounds

position of aerosols from Ronddnia, Brazil, during the LBA- in biomass burning aerosols over Amazonia 1. Characteri-

SMOCC 2002 experiment and its representation through model zation by NMR and GC-MS, J. Geophys. Res., 107, 8047,

compounds, Atmos. Chem. Phys., 6, 375—-402,1d0§194/acp- doi:10.1029/2001JD000332002.

6-375-20062006. Hasheminassab, S., Daher, N., Schauer, J. J., and Sioutas, C.: Source
Decesari, S., Mircea, M., Cavalli, F., Fuzzi, S., Moretti, F., Tagli-  apportionment and organic compound characterization of ambi-

avini, E., and Facchini, M. C.: Source attribution of water-soluble  ent ultrafine particulate matter (PM) in the Los Angeles Basin,

organic aerosol by nuclear magnetic resonance spectroscopy. En- Atmos. Environ., 79, 529-539, 2013.

viron. Sci. Technol., 41, 2479-2484, 2007. Ho, K. F.,, Lee, S. C., Cao, J. J., Li, Y. S., Chow, J. C., Watson, J.
Decesari, S., Finessi, E., Rinaldi, M., Paglione, M., Fuzzi, S., G., and Fung, K.: Variability of organic and elemental carbon,

Stephanou, E. G., Tziaras, T., Spyros, A., Ceburnis, D., water soluble organic carbon, and isotopes in Hong Kong, At-

O'Dowd, C., Dall'Ostro, M., Harrison, R. M., Allan, J., mos. Chem. Phys., 6, 4569-4576, d6i5194/acp-6-4569-2006

Coe, H., and Facchini, M. C.: Primary and secondary ma- 2006.

rine organic aerosols over the North Atlantic Ocean during Kavouras, I. G. and Koutrakis, P.: Use of polyurethane foam as the

the MAP experiment. J. Geophys. Res.-Atmos., 116, D22210, impaction substrate/collection medium in conventional inertial

doi:10.1029/2011JD016202011. impactors, Aerosol Sci. Tech., 34, 46-56, 2001.

Dhar, M., Portnoy, J., and Barnes, C.: Oak pollen season inKavouras, |I. G. and Stephanou, E. G.: Particle size distribution of
the Midwestern US, J. Allergy Clin. Immun., 125, AB15, organic primary and secondary aerosol constituents in urban,
doi:10.1016/S0091-6749(10)000242010. background marine, and forest atmosphere. J. Geophys. Res.,

Diehl, K., Quick, C., Matthis-Maser, S., Mitra, S. K., and Jaenicke, 107, 4069, dot0.1029/2000JD000272002.

R.: The ice nucleating ability of pollen Part I: Laboratory studies Kavouras, |. G., Etyemezian, V., DuBois, D. W., Xu, J.,
in deposition and condensation freezing modes, Atmos. Res., 58, and Pitchford, M.: Source reconciliation of atmospheric
75-87, 2001. dust causing visibility impairment in Class | areas of the

Atmos. Chem. Phys., 14, 607%6088 2014 www.atmos-chem-phys.net/14/6075/2014/


http://dx.doi.org/10.5194/acp-6-375-2006
http://dx.doi.org/10.5194/acp-6-375-2006
http://dx.doi.org/10.1029/2011JD016204
http://dx.doi.org/10.1016/S0091-6749(10)00024-2
http://dx.doi.org/10.5194/acp-12-941-2012
http://dx.doi.org/10.1029/2001JD000336
http://dx.doi.org/10.5194/acp-6-4569-2006
http://dx.doi.org/10.1029/2000JD000278

M.-C. G. Chalbot et al.: Functional characterization of water-soluble organic carbon 6087

western United States, J. Geophys. Res.-Atmos., 114, D02308Reid, J. P., Dennis-Smither, B. J., Kwamena, N. O. A., Miles, R. E.
doi:10.1029/2008JD009922009. H., Hanford, K. L., and Homer, C. J.: The morphology of aerosol
Kawamura, K. and Kaplan, I. R.: Motor exhaust emissions as a pri- particles consisting of hydrophobic and hydrophilic phases: hy-
mary source for dicarboxylic acids in Los Angeles ambient air, drocarbons, alcohols and fatty acids as the hydrophobic compo-
Environ. Sci. Technol., 21, 105-110, 1987. nent, Phys. Chem. Chem. Phys., 13, 15559-15572, 2011.

Kawamura, K. and Yasui, O.: Diurnal changes in the distribution Rincon, A. G., Guzman, M. |., Hoffmann, M. R., and Colussi, A.
of dicarboxylic acids, ketocarboxylic acids and dicarbonyls in  J.: Optical absorptivity versus molecular composition of model
the urban Tokyo atmosphere, Atmos. Environ., 39, 1945-1960, organic aerosol matter, J. Phys. Chem., 113, 10512-10520, 2009.
2005. Sannigrahi, P., Sullivan, A., Weber, R., and Ingall, E.: Character-

Maksymiuk, C. S., Gayahtri, C., Gil, R. R., and Donahue, N. M.: ization of water-soluble organic carbon in urban atmospheric
Secondary organic aerosol formation from multiphase oxida- aerosols using solid-state C-13 NMR spectroscopy, Environ. Sci.
tion of limonene by ozone: Mechanistic constraints via two-  Technol., 40, 666—-672, 2006.
dimensional heteronuclear NMR spectroscopy, Phys. ChemSavorani, F., Tomasi, G., and Engelsen, S. B.: icoshift: A versatile
Chem. Phys., 11, 7810-7818, 2009. tool for the rapid alignment of 1D NMR spectra, J. Magn. Res.,

Matsumoto, K., Nagao, I., Tanaka, H., Miyaji, H., lida, T., and 202, 109-202, 2010.

Ikebe, Y.: Seasonal characteristics of organic and inorganicSchade, G. W. and Crutzen, P. J.: Emission of aliphatic amines from
species and their size distributions in atmospheric aerosols over animal husbandry and their reactions: potential source & N
the Northwest Pacific Ocean, Atmos. Environ., 32, 1931-1946, and HCN, J. Atmos. Chem., 22, 319-346, 1995.

1998. Schlesinger, R. B., Kunzli, N., Hidy, G. M., Gotschi, T., and Jerrett,
Matta, E., Facchini, M. C., Decesari, S., Mircea, M., Cavalli, F., M.: The health relevance of ambient particulate matter charac-
Fuzzi, S., Putaud, J.-P., and Dell’Acqua, A.: Mass closure on teristics: Coherence of toxicological and epidemiological infer-

the chemical species in size-segregated atmospheric aerosol col- ences, Inhal. Toxicol., 18, 95-125, 2006.
lected in an urban area of the Po Valley, Italy, Atmos. Chem. Simpson, A., Lam, B., Diamond, M. L., Donaldson, D. J., Lefebvre,
Phys., 3, 623-637, ddi0.5194/acp-3-623-20032003. B. A., Moser, A. Q., Williams, A. J., Larin, N. |., and Kvasha,

Medeiros, P. M., Conte, M. H., Weber, J. C., and Simoneit, B. M. P.: Assessing the organic composition of urban surface films
R. T.: Sugars as source indicators of biogenic organic carbon using nuclear magnetic resonance spectroscopy, Chemosphere,
in aerosols collected above the Howland Experimental Forest, 63, 142-152, 2006.

Maine, Atmos. Environ., 40, 1694-1705, 2006. Sisler J. F.: Aerosol mass budget and spatial distribution, in Spatial
Miyazaki, Y., Kondo, Y., Shiraiwa, M., Takegawa, N., Miyakawa, and Seasonal Pattern and Temporal Variability of Haze and its
T., Han, S., Kita, K., Hu, M., Denq, Z. Q., Zhao, Y., Sugimoto, Constitutents in the United States, Report lll, edited by: Malm,

N., Blake, D. R., and Weber, R. J.: Chemical characterization of W., Colorado State University, Fort Collins, Co, 2000.
water-soluble organic carbon aerosols at a rural site in the PearSloane, C. S., Watson, J., Chow, J., Pritchett, L., and Richards,
River Delta, China, in the summer of 2006, J. Geophys. Res.- L. W.: Size-segregated fine particle measurements by chemical-
Atmos., 114, D14208, ddi0.1029/2009JD01173@8009. species and their impact on visibility impairment in Denver, At-

Mdller, C., linuma, Y., Karstensen, J., van Pinxteren, D., Lehmann, mos. Environ. A-Gen., 25, 1013-1024, 1991.

S., Gnauk, T., and Herrmann, H.: Seasonal variation of aliphaticSong, J., He, L., Peng, P., Zhao, J., and Ma, S.: Chemical and iso-
amines in marine sub-micrometer particles at the Cape Verde is- topic composition of humic-like substances (HULIS) in ambi-
lands, Atmos. Chem. Phys., 9, 9587-9597, Hab194/acp-9- ent aerosols in Guangzhou, South China, Aerosol Sci. Tech., 46,
9587-20092009. 533-546, 2012.

Nelson, S. T.: A simple, practical methodology for routine VS- Subbalakshmi, Y., Patti, A. F.,, Lee, G. S. H., and Hooper, M. A.:
MOWY/SLAP normalization of water samples analyzed by con-  Structural characterization of macromolecular organic material
tinuous flow methods, Rapid Commun. Mass Sp., 14, 1044— in air particulate matter using py-GC-MS and solid state C-13-
1046, 2000. NMR, J. Environ. Monitor., 2, 561-565, 2000.

Pietrogrande, M. C., Bacco, D., and Chiereghin, S.: GC/MS anal-Suzuki, Y., Kawakami, M., and Akasaka, K.: H-1 NMR application
ysis of water-soluble organics in atmospheric aerosol: optimiza- for characterizing water-soluble organic compounds in urban
tion of a solvent extraction procedure for simultaneous analysis atmospheric particles, Environ. Sci. Technol., 35, 2656—2664,
of carboxylic acids and sugars, Anal. Bioanal. Chem., 405, 1095—- 2001.

1104, 2013. Tagliavini, E., Moretti, F., Decesari, S., Facchini, M. C., Fuzzi,

Poschl, U.: Atmospheric aerosols: Composition, transformation, S., and Maenhaut, W.: Functional group analysis by H
climate and health effects, Angew. Chem. Int. Edit., 44, 7520- NMR/chemical derivatization for the characterization of organic
7540, 2005. aerosol from the SMOCC field campaign, Atmos. Chem. Phys.,

Putaud, J. P, Raes, F., Van Dingenen, R., Bruggermann, E., Fac- 6, 1003—-1019, dal:0.5194/acp-6-1003-2008006.
chini, M. C., Decesari, S., Fuzzi, S., Gehrig, R., Huglin, C., Laj, Takahashi, Y., Sasaki, K., Nakamura, S., Miki-Hirosige, H., and
P., Lorbeer, G., Maenhaut, W., Mihalopoulos, N., Muller, K., Nitta, H.: Aerodynamic size distribution of particles emitted
Querol, X., Rodriguez, S., Schneider, J., Spindler, G., ten Brink, from the flowers of allergologically important plants, Grana, 34,
H., Torseth, K., and Wiedensohler, A.: A European aerosol 45-49, 1995.
phenomenology-2: Chemical characteristics of particulate mattefTimonen, H., Saarikoski, S., Aurela, M., Saarnio, K., and
at kerbside, urban, rural and background sites in Europe, Atmos. Hillamo, R.: Water soluble organic carbon in urban aerosols:
Environ., 38, 2579-2595, 2004.

www.atmos-chem-phys.net/14/6075/2014/ Atmos. Chem. Phys., 14, 6@GCB8 2014


http://dx.doi.org/10.1029/2008JD009923
http://dx.doi.org/10.5194/acp-3-623-2003
http://dx.doi.org/10.1029/2009JD011736
http://dx.doi.org/10.5194/acp-9-9587-2009
http://dx.doi.org/10.5194/acp-9-9587-2009
http://dx.doi.org/10.5194/acp-6-1003-2006

6088 M.-C. G. Chalbot et al.: Functional characterization of water-soluble organic carbon

concentrations, size distributions and contributions to particulateWozniak, A. S., Shelley, R. U., Sleighter, R. L., Abdulla, H. A. N.,

matter, Boreal Environ. Res., 13, 335-346, 2008. Morton, P. L., Landing, W. M., and Hatcher, P. G.: Relationships
VandenBoer, T. C., Petroff, A., Markovic, M. Z., and Murphy, J. among aerosol water soluble organic matter, iron and aluminum

G.: Size distribution of alkyl amines in continental particulate  in European, North African, and marine air masses from the 2010

matter and their online detection in the gas and particle phase, US GEOTRACES cruise, Mar. Chem., 154, 24-33, 2013.

Atmos. Chem. Phys., 11, 4319-4332, d6i5194/acp-11-4319- Yamamoto, N., Bibby, K., Qian, J., Hospodsky, D., Rismani-Yazdi,

2011 2011. H., Nazaroff, W. W., and Peccia, J.: Particle-size distribution and
Van Vaeck, L. and Van Cauwenberghe, K. A.: Characteristic param- seasonal diversity of allergenic and pathogenic fungi in outdoor

eters of particle size distributions of primary organic constituents  air, ISME J., 6, 1801-1811, ddi0.1038/ismej.2012.3@012.

of ambient aerosols, Environ. Sci. Technol., 19, 707-716, 1985. Zhang, Y., Obritz, D., Zielinska, B., and Gertler, A.: Particulate
Widory, D., Roy, S., Le Moullec, Y., Goupil, G., Cocherie, A., and emissions from different types of biomass burning, Atmos. Env-

Geuerrot, C.: The origins of atmospheric particles in Paris: aview iron., 72, 27-35, 2013.

through carbon and lead isotopes, Atmos. Environ., 38, 953—-961,

2004.
Wishart, D. S., Knox, C., Guo, A. C., Eisner, R., Young, N., Gautam,

B., Hau, D. D., Psychogios, N., Dong, E., Bouatra, S., Mandal,

R., Sinelnikov, I., Xia, J., Jia, L., Cruz, J. A., Lim. E., Sobsey, C.

A., Shrivastava, S., Huang, P., Liu, P,, Fang, L., Peng, J., Fradette,

R., Cheng, D., Tzur, D., Clements, M., Lewis, A., De Souza, A.,

Zuniga, A., Dawe, M., Xiong, Y., Clive, D., Greiner, R., Nazy-

rova, A., Shaykhutdinov, R., Li, L., Vogel, H. J., and Forsythe, |.:

HMDB: a knowledgebase for the human metabolome, Nucleic

Acids Res., 37, D603-10, ddi0.1093/nar/gkn81,®009.

Atmos. Chem. Phys., 14, 607%6088 2014 www.atmos-chem-phys.net/14/6075/2014/


http://dx.doi.org/10.5194/acp-11-4319-2011
http://dx.doi.org/10.5194/acp-11-4319-2011
http://dx.doi.org/10.1093/nar/gkn810
http://dx.doi.org/10.1038/ismej.2012.30

