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" I
Definizione di biomarker

m Biomarkers, in general, are organic indicator compounds
that can be used as tracers for geological and

environmental processes. o
Simoneit BRT. 2005.

m Ruolo dei markers molecolari:
Studio di sorgente
Meccanismi di formazione delle particelle
Meccanismi di invecchiamento delle particelle
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Caratterizzazione

molecolare del composti di
combustione: GC/MS




GC/MS

Inizio meta anni 1970
Estrazione con solventi
organici

Concentrazione degli estratti
Derivatizzazione

Analisi GC/MS

Confronto degli spettri MS
con spettri in librerie, std per
analisi e studio di spettri di
frammentazione

SMOKE Mimﬂ'ys.s

SAMPLE

Extract with solvent

{CHaClz)

Derivatize

.| VYolatlle Orgaruc Carbon (VOC)
" Elemental Carbon (EC)

EXTRACT

h 4

GC-MS

Major Biomarker
Tracers

1. Derivatize (e.g., CH;N; in ET2O for acids, phenols)

2 Thndayar chromatography (hexane:diethyl ether at
9 1), direct GC and GC-MS

HYDROCARBONS ESTERS KETONES ALCOHOLS
{Aliphatic and Aromatic) {and PAH) ALDEHYDES AND POLARS
Derivatze
(BSTFA)

GC, GC-MS, HTGC,
HTGC-MS

Fig. 1: Schematic of the extraction, separation and analysis procedures

(Simoneit, 1999)




Caratterizzazione del composti di combustione
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Principali prodotti di combustione

TABLE 1. Major compound groups identified in smoke particles from biomass burning.

Compound group Plant source Product
n-Alkanes Epicuticular waxes Natural
n-Alkenes Epicuticular waxes Altered
n-Alkanoic Acids Internal lipid substances Natural
n-Alkanols Epicuticular waxes Natural
Diterpenoids Gymnosperm resin, wax Natural /Altered
Triterpenoids Angiosperm wax, gum Natural /Altered
Monosaccharides Cellulose biopolymer Altered

Phenols (methoxy) Lignin biopolymer Altered
Polycyclic Aromatic Hydrocarbons Multiple sources Altered

Steroids Internal lipid substances Natural /Altered

(Oros & Simoneit, 1999)



Table 4

Major molecular tracers identified in conifer smoke

Major biomarker Total emission (%)

tracer factor (mg/kg)* Abundance®
Diterpenoids

8,15-Pimaradien-18-oic acid 400 +47 4.2
Dehydroabietic acid 363+36 38
iso-Pimaric acid 248 +35 2.6
1-Methyl-T-isopropyl-1.2,3 4- 1512 1.6 L
tetrahydrophenanthrene- ()
1-carboxylic acid =
Retene 137412 1.4 -
7-Oxodehydroabietic acid 6147 0.6 o
Pimaric acid 5747 0.6 o
Sandaracopimaric acid 22432 0.2 Q
Methoxyphenols o
Catechol 17712 1.8 o
Homovanillyl alcohol 101 10 1.0 N
Pyrogallol T4+7 0.8 —
Vanillin 57+4 0.6 ‘O
Vanillic acid 4843 0.5 [
Homovanillic acid 4443 0.5 (@]
Tetrahydro-3,4-divanillylfuran 4242 0.4 e
Acetovanillone 2542 0.3 —
Monosaccharide derivatives n
Levoglucosan 280+18 3.0 o
Galactosan 8947 0.9 %2}
Mannosan 84+6 0.9 e
Steroics O
B-Sitosterol 14+1 0.1 ~
Campesterol 1 +£0.01 0.m

# Sum and standard deviation for individual compounds listed in

Table 2.

b o4 Abundance relative to total resolved organic components.

moup Vg RE) AUUNLAIE
Diterpenoids 3093225 323
Carboxylic acids 2753+167 28.6
Methoxyphenols 1172£76 12.2
Monosaccharide 463431 48
denvatives

Polycyclic aromatic 40823 4.2
hydrocarbons

Alkenes 302453 3.1
Alkanes 199+21 2.1
Alkanols 12349 13
Steroids 9045 09
Alkanones B3+10 09
Wax esters 4845 0.5
Unknowns B77+98 9.1

® Sum and standard deviation for each compound group

listed in Table 2.

P % Abundance relative to sum of total emission factors.

Table 4

Major biomarker tracers identified in deciduous tree smoke

Major biomarker tracer Total emission  Abundance
factor (mg/kg)® (%)°
Methoxyphenols
Catechol 3711 1.3
Homovanillyl alcohol 2446 0.8
Vanillic acid 11£2 0.4
Vanillin 97+4 0.3
Acetosyringone §+2 0.3
Acetovanillone T£2 0.2
Pyrogallol 642 0.2
Tetrahydro-3,4-divanillylfuran S+1 0.2 =
Syringylacetone S+1 0.2 -g
Homovanillic acid 442 0.1 G
Syringic acid 341 0.1 QO
Disyringyl 1£0.3 0.1 O
Triterpenoids ;T
Olean-2,12-dien-18-oic acid 942 0.3 o
Lupa-2.22-diene 642 0.2 o
Lupenone 240.5 0.1 N
Oleana-2,12-diene 2404 0.1 =
B-Amyrin 240.5 0.1 (D)
Lupa-2.22(29)-dien-3-ol 24+0.5 0.1 c
B-Amyrone 0.6+0.1 0.1 g
Monosaccharide derivatives —
Levoglucosan 75+£11 2.6 P
Galactosan 2744 0.9 05
Mannosan 14+£2 0.5 8
Steroids =
B-Sitosterol 101 0.4 9
Campesterol 0.3+0.1 0.1
Table 3
Major compound groups identified in deciduous tree smoke
Major compound Total emission Abundance
group factor (mg/kg)® (%)®
Carboxylic acids 1589+258 56.4
n-Alkanes 425473 15.1
Methoxyphenols 237+£50 8.4
n-Alkenes 129435 4.6
Triterpenoids 118413 4.2
Alkanones 11623 4.1
PAH 66£12 23
Monosaccharide 415 1.5
derivatives
Steroids 31+6 1.1
Alkylcyclohexanes 13+4 0.5
n-Alkanols 8§+2 0.3
Unknowns 43£19 1.5

2 Sum and standard deviation of each comnound eroun lis-

Table 4

Major biomarker tracers identified in grass smoke

Major biomarker tracer

Total emission
factor® (mg/kg

Relative
abundance® (%)

fuel burned)

Cellulose pyrolysis products
Levoglucosan 407.9 28.6
Galactosan 74.6 52
Mannosan 17.1 1.2
Lignin pyrolysis products
Pyrogallol 48.0 34
Syringol 11.3 0.8
3-Guaiacylpropanoic 9.1 0.6

acid
Catechol 83 0.6
Acetosyringone 6.7 0s
Vanillic add 6.2 0.4
Syringic acid 44 0.3
Syringylacetone 35 0.2
Acetovanillone 3.0 0.2
Gualacylacetone 2.5 02
Tetrahydro-3.4- 1.3 [N

divanillylfuran ®
Guaiacol 1.0 0.1 0
3-Hydroxyguaiacol 1.0 0.1 B
Vanillin 0.7 0.1

—~

Triterpenoids O
24-Noroleana-9(11),12- 1.8 0.1 o

diene o
o + B-Amyrin 1.3 0.1 AN
24-Norolean-9(11)-ene 0.5 0.1 -
o+ B-Amyrone 0.4 0.03 —_
Oleana-2,12-diene 0.4 0.03 cU
Semiarenol 0.1 0.01 -
Arundoin 0.04 ooz @
Sterols 8
Sitosterol 0s -
Stigmasterol 1.2 0.1 O
Campesterol 0.1 ~—
Stigmasteryl acetate 0.01
Sitosteryl acetate 0.1 0.01

Table 3

Major compound groups identified in grass smoke

Major compound group

Total emission

factor® (mg/kg

Relative
abundance® (%)

fuel burned)
n-Alkanoic acids 533 373
n-Alkanes 153 10.7
n-Alkanones 14 10
n-Alkenes 10 0.7
‘Wax esters 9 0.6
n-Alkanols 8 0.5
n-Alkanals 1 0.1
Total aliphatic lipids 728 509
Cellulose pyrolysis 500 350
products
Lignin pyrolysis 157 110
products
Sterols 25 1.7
PAH 6.6 0.5
Other alteration 5.5 04
products
Triterpenoids 4.5 0.3
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Fig. 3. Percentage distribution of chromatographically resolved organic compounds detected in smoke samples.



Caratterizzazione
molecolare del composti

di combustione: LC
MS/MS HRMS




ILLUSTRATED PARTITION MECHANISM OF
HYDROPHILIC INTERACTION CHROMATOGRAPHY

MOBILE PHASE {stationary; mostly aqueous] —- —=
H-Y-D-R-Q-P-H-I-L-I-C G-0-A-T-I1-N-G
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Fig. 1: Frincipio of separanone dela cromsatograna ad inforeaons idrofica
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Analizzatori di massa a trappola ionica (Ion Trap, IT)

La trappola ionica é levoluzione fridimensionale dell'analizzatore a
quadrupolo. In questo caso gli elettrodi sono tre:

v  un elettrodo toroidale centrale (ring)
v'due elettrodi a calotta laterali (end-cap)

Caramic post

_ Elettrodo s
Ingresso _I toroidale (rin
elio ‘7 ( 9)

End-cap

Lenti elettr:

Lenti
elettrostatiche

Gli spaziatori in ceramica

isolano elettricamente
I'elettrodo toroidale dagli
end-cap

aspirazione elio
(pompa turbomolecolare)
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iIgh Resolution Mass Spectrometry
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Perché usare High resolution mass spectrometry?

(a) Full spectrum (b) R =100,000
=8 Cy4H1gOsNa”
251.0900
CyoH,00,Na"

251.1263

C,,H,,O.Na"

107 126 +
C19H23

103 EIRRS A 251.1794
A , A

2561.00 251.05 25110 251.15 251.20

100 200 300 400 500 600 251.00 251.05 251.10 251.15 251.20
m/z m/z

()R =5,000

ambiguous
assignment
251.10+/-0.05 m/z

Fig. 1 A positive ion mode ESI-MS stick spectrum of isoprene/O3; SOA (panel (a)). Panel (b) zooms in on peaks near m/z 251 recorded at the
Orbitrap resolving power of R = 100000. Panel (c) shows how the same mass range would look like if recorded at a typical resolving power of a
reflection-TOF instrument R = 5000.

Nizkorodov et al. 2011



High resolution mass spectrometry

m Accuratezza di massa (< 5 ppm)
m Risoluzione di massa (= 60000)
m Sensibilita

m Range dinamico

m Tandem mass spectrometry MS"

m Caratterizzazione di composti organici
individuali



LTQ-Orbitrap: schema di funzionamento:
(“fast injection ” ortogonale)




Semplificazione dei dati ottenuti iIn HRMS

Diagrammi di Van Krevelen
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Analisi di Kendrick
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Meija 2006, Kim 2003

Kendrick mass defect = nominal Kendrick mass — Kendrick mass



Anal. Chem. 2008, 81, 1312-1521

Molecular Characterization of Biomass Burning
Aerosols Using High-Resolution Mass
Spectrometry

Jeffrey 5. Smith,'¥ Alexander Laskin,® and Julia Laskin*-t

Chemical and Materials Sciences Division, and Wilkam R. Wiley Environmental Molecwlar Sciences Laboratory,
Pacific Northwest National Laboratory, P.O. Box 929, MSIN K8-88, Richland, Washingfon 99352
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Figure 4. Van Krevelen diagrams obiained for the five biomass
Figure 2. CHy-based Kendrick diagrams representing all species burning samples. The comesponding plot calculated based on the
cbservad in high-resolution ESIMS spectra of five BBA samples litaratura data reported for asmsole generated from Ponderosa Pine
discussed in the text, and the comesponding diagram obtained for burning iz shown for comparison. The literaturs data was adopted
smoke particulate constituents from bumning of conifers reported in from Oros and Simoneit*® (open cirdles), Hays et al ™ (filed squares),

ref 4B (see text for more details). Mazzoleni et al ** {crosses), and linuma et al.** (filed triangles).



Levoglucosan, Mannosan,
Galactosan: derivati dalla

combustione della
cellulosa




Cellulose, n = 7-12x10% D-glucoss monomers

ST

D/ \
TR

1A4-Anhyirkde 1, E-Arryceo-fi- D-,gLnu- 12_,”“”“

Oiher Minor Decomposition Products

Levoglucosan € un prodotto della ﬁ mﬁ%ﬂ

combustione della cellulosa che quando A D gascto:  1,6-Anhycko Do
pyranosa (galacicsan) pyrancse (mannosan)

e riscadata oltre i 300° C € SOtIOPOSIA 8 s : o smevs s s oo s v s = 307 o s
processi pirolitici.

Nel particolato atmosferico € un tracciante specifico indicante la
combustione di biomassa. La combustione di altri materiali (combustibili
fossili) e 1’idrolisi della cellulosa non portano alla formazione di

levoglucosan.



etodologie analitiche

. . Note
- Separation of LOD Short and simple
Reference Method? Water extraction and Recovery (%) levoglucosan, mannosan (LOQ) sample preparation
wet samples i
and galactosan (ng/ml) and analysis
- Aerosols
Decesari et al. (2000), Not
Graham et al. (2002) H NMR Yes Not reported Not reported reported Yes
Simoneit and Elias . Not Aerosols
(2001) GC-MS No Not reported Full separation reported
c . Aerosols
Graham et al. (2003) GC-MS Yes Not reported Full separation (0.34)
I(\g(e)g%ros&&monelt GC-MS No 97.5+15 Full separation 0.13 Aerosols
Pashynska etal. (2002) GC-MS-MS  No 90.0+2.4-97.0+4.0 Full separation g‘;‘orte . Aerosols
Zdrahal et al. (2002) GC-FID No 60 Full separation Not Aerosols
reported
Simpson et al. (2004) GC-MS No 6916 Not reported 0.1 Aerosols
Hsu et al.(2007) GC-MS No 82.0+4.0 Full separation 2.9 Aerosols
IDT-GC- . ) 17 pg abs Aerosols
Orasche et al. (2011) TOFMS No estrazione Not reported Full separation am. Yes
Ma et al. (2010) IAIZ'GC'GC' No estrazione 92.3+2.8 Full separation 0.6 Yes Aerosols
Palma et al. (2004) ESI-MS-MS  Yes Not reported No separation NA? Yes Aerosols
Aerosols
Levoglucosan separated.
Garcia et al. (2005) CE-PAD Yes Not reported Mannosan and galactosan 2.7 Yes
comigrate
Dye and Yittry (2005) :;kﬂcs BSI- No 99 Partial separation 0.03 Yes Aerosols
Wan et al. (2006) HPLC-MS  No (MeOH) 82+17; 107+16: 93+8 Not reportec 0.002 Yes ’[A,\irf,flﬂsiﬁ“"c
4
Gambaro et al. (2008) HPLC- No 95 No separation 0.000003 Yes Polar ice
MS/MS
Aerosols
Schkolnik etal. 2005) [ECHPLC- v 95:+3 Levoglucosan and 05(1.0)  Yes
PDA mannosan resolved
Saarnio et al. (2010) ESPI'?;&(S: Yes 94+4 Full separation 0.002 Yes Aerosols
Piot et ak. (2012) r/IPSI/_I\C/I-SESI- Yes 90+9. Full separation 0.030 Yes Aerosols /Sediments
ESI-MS + Aerosols
Gao et al. (2003) HPLC-PAD Yes Not reported Not reported 0.06
linuma et al. (2009) ;'K’SEC' Yes Not reported Full separation 0.006 Yes Aerosols
Piazzalunga et al HPAEC- . Aerosols
(2010) PAD Yes 98.7+7.0 Full separation 0.0018 Yes



Metossifenoli: derivati
dalla combustione della

lignina




precursor of “anisyl”
{4-hydroxyphenyl-}

Coumaryl alcohol, Coniferyl alcohol,
precursor of "guaiacyl®
{4-hydroxy-3-methoxyphenyl-}

type compounds. type compounds.

CH50
HO HO

enriched in similar
substituent groups.

Acido p-coumarico

/@/VLOH
HO

Simoneit, B. R. T., Biomass burning - A review of
organic tracers for smoke from incomplete combustion.
Applied Geochemistry 2002, 17, (3), 129-162.

Oros, D. R.; Simoneit, B. R. T., Identification and
emission factors of molecular tracers in organic aerosols
from biomass burning Part 1. Temperate climate
conifers. Applied Geochemistry 2001, 16, (13), 1513-
1544.

Oros, D. R.; Simoneit, B. R. T., Identification and
emission factors of molecular tracers in organic aerosols
from biomass burning Part 2. Deciduous trees. Applied
Geochemistry 2001, 16, (13), 1545-1565.

Oros, D. R.; bin Abas, M. R.; Omar, N.; Rahman, N. A;
Simoneit, B. R. T., Identification and emission factors of
molecular tracers in organic aerosols from biomass
burning: Part 3. Grasses. Applied Geochemistry 2006,
21, (6), 919-940.

Grass lignins Gymnaosperm lignins

enriched in similar
substituent groups.

COOH
HO ;

OCHs

o]
OH
HaCO

OH
o

OH

OCH;

OH

o}
CH3o:©/\)kOH
HO
HO.
HBCOQ\/\WH
o

Vanillina

[s]
CHi0
HO

Acido Isovanillico

Sinapyl alcohol,
precursor of “syringyl®
(3,5-dimethoxy-4-hydroxyphenyl-)

Acido Vanillico

Acido Omovanillico

type compounds.
CHz0.
° x""oH
HO
CHzO
Angiosperm lignins
enriched in similar
substituent groups.
-0
Siringaldeide
H3CO OCH3
OH
O, _OH
H.CO OCH, Acido Siringico
OH

Acido Ferulico

Coniferaldeide



Metodologie analitiche

Reference Method? Derivatization (Iz/eoc)overy LOQ (pg abs amount injected) Note
(Szlomopss)onet al. GC/MS Yes 74 (median) Not reported Aerosols
8?15;;16 etal. IDT-GC-TOFMS  Yes Not reported  47. (vanillic acid); 25 (syringic acid) Aerosols
'(;%Ef;")a”” etal ypLc-APCIMS  No 79-104 790 (vanillic acid); 71 (coniferyl aldheyde): Aerosols
linuma et al. L . . . e
(2003) CE-ESI/MS No Not reported 168 pg/uL iniezione idrodinamica (vanillic acid) Aerosols
Zangrando et al. HPLC/ESI(-)- S . _ o
(in prep.) MS/MS No 66 (average)  39. (vanillic acid); 7 (coniferyl aldheyde); 26 (syringic acid)  Aerosols
Parshintsev etal, o0 IMePILS- S

" SPE-LC-ESI(+)- No 80 500 (vanillic acid) Aerosols

(2010) VS



Terpernoid




Precursori: Acidi Diterpenoici (Resin Acids) presenti nel legno di conifera

; “cooH 5 “cooH ; “CooH

“cooH
XV, Abietic acid XVHLPimaric acid XIX. |so-pimaric acid XX, Sandaracopimaric

acid

Reduction

(Simoneit, 2002)

Oxidation

o] © ©

"9,
Dehydroabietane Slmon ellite
Retene
CoH o
Abietane Abietic acid o
Dehydroabietin
ey / / @
[H) o i B
-l O — Q0
."' “"COH "C0aH
Pimaranes Pimaric acids 16,17-Bisnordehydro- Pimanthrene
abietic acid

m Analisi GC/MS
m Analisi LC-ESI(-)/MS (McMatrtin et al.2002)
m Analisi LC-APCI(-)/MS (Valto et al. 2009)

(Simoneit, 2005)



= B
Altri markers molecolari da
combustione

m PAHS

m Potassio

m Acidi carbossilici
m Acidi dicarbossilici

m .... Non sono markers molecolari specifici



Metodologie analitiche:

Aerosol Mass
Spectrometry (AMS)
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Drewnick et al. 2009



OOA

HOA

TABLE 1. Main ion fragments used to identity inorganic and organic aerosol species in AMS spectra. The
fragments that are most useful in identitying these species are highlighted in bold text.

Group Molecule/Species Ton Fragments Mass Fragments
Water H,0 <, H,0" HO", O 18,17, 16
Ammonium NH, < NH,", NH,*, NH* 17,16, 15
Nitrate NO, == HNO,;*, NO,"~ NO* 63, 46, 30
Sulfate H,S0, <% H,80,", HSO,*, SO+ 98,81, 80

SO,*, SO+ 64,48

Organic CH,0, £, H,0",CO",COo," 18, 2§
(Oxygenated) H,C,0", HCO,", C,H,+ 43,45,

Organic CH & - CH* 27,2941,
(hydrocarbon) 43,5 9,71

BBOA

Alfarra et al. 2007

% to total organics

Canagaratna et al. 2007
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Fractional Contribution (%)

-
8o

m Organics, M Nitrate, 8 Sulphate, = Ammonium, === Total

Alfarra et al. 2007

Canagaratna et al. 2007
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FIGURE 24. Anexample of the type of multi-dimensional information that can be obtained with the AMS.
Panel a shows time trends in the mass concentrations of ambient aerosol species observed during the
Pittsburgh Air Quality Study in 2002 (modified from Zhang et al., 2005b). Panels b—d show the correspond-
ing time evolution of sulfate, nitrate, and organic mass-weighted size distributions. Measurements were
averaged over 10-min timescales. Averages of the observed speciated size distributions over the entire time
trend are shown in panels b'—d’.
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m La caratterizzazione dell’'aerosol atmosferico proveniente
da biomass burning e un compito complesso che ha
visto l'utilizzo di: molteplici approcci e tecniche analitiche

m GC/MS ha dato informazioni riguardo a molecole volatili,
alifatiche e a basso peso molecolare

m ESI/MS sta dando informazioni riguardo alla parte
polare, ionica e macromolecolare

m Purtroppo a causa della complessita della matrice NMR
e IR sono poco utilizzati.

m Sviluppo nuove tecniche analitiche






