Chapter 2 — Characterisation of Residual Lignin Pofmers in Particulate Matter

There are many initial studies centred on the tatale identification of polymeric organic fractiaf the particulate
matter, on the modifications of the matrix undengpwith the effect of temperature, light, time asmtichment in
transport, polymerization’s kinetics and thermodwies of primary and secondary aerof®10, 81-84. All these
studies employ the investigation of different compds with a singular analytical method and a siagpbint of
view, i.e. a treatment of samples, pertaining geearch of interest, followed by a traditional mamdvative extraction
and a final analysis with a gas or liquid mass speteter.

In addition, to improve the detection of the polymmerganic fraction that comes from particulatettera a method of
study of the lignin oligomers and polymers arisfrmm the biogenic fraction of two different samplafsparticulate
matter by different extractive methods and finalgsis has been developed.

Following, the general pattern of the analysisse to perform the samples:

Zeisel
LC-MS LC-MS
Ethyl Pyridine
GC-MS Acetate Extract GC-MS
extract Sample

14: 3C-NMR ":> GPC <:“ 'H; ¥C-NMR

Fig.29 — Diagram of Particulate Matter charactetiza

The diagram (fig.29), shows that an aliquot of igatate matter is only directly analysed with Zéisealysis; the
solvent extractable compounds (with ethyl acetatd/a pyridine) are analysed with LC and GC-MS, s&éi
technique, NMR (non destructive technique) aneast with a GPC.

Each analysis gives us different information aktbetsemi quantitative, quantitative or qualitatpresence of lignin
oligomers or polymers. All methods able to extragte lignin are adapted for analysis on particufatdter, at the
concentration of interest. The data concerningettteactable compounds in an apolar organic sol{ethtyl acetate;
acetonitryle), lead to the investigation of the lowlecular fraction. Even in the exposed case, ggisel method, the
methoxyphenols units like a model compound distiectonly of monolignols and oligolignols of ligniitself
(thermodynamic and kinetic break) are principatiyrid; with traditional GC-MS the monomers produgftshermal
degradation of lignin monomers and oligomers aricgally monitored; with LC-MS the presence of the

characteristic ions that the bibliography presénisvestigated; with GPC the medium and pondei@kepular weight
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is tracked. At last, with NMR analysis the resuts confirmed from all developed methods. The ssnwnduced
for the polar organic extract (water and pyridifie)e PM (particulate matter) is only investigatethweisel method:
this is an important data because of the impodsyiti find a solvent or a combination of sequensalubilization
that can extract all the organic mass of this cemphatrix.

In the end, we can present a work model for therpetic characterization of a complex matrix thatldobe

confirmed with other analysis and investigations.

2.1 Materials and Methods

The following chapters focus on the techniques sthadard and sample treatments and the calibsatset for every

implemented type of analysis.

2.1.1 Gel permeation chromatography (GPC), [85-88].

Gel Permeation Chromatography (GPC), uses porouclpa to separate molecules with different sizisis
generally used to separate biological molecules tmddetermine molecular weights and molecular weigh
distributions of polymers. Molecules that are seralhan the pore size can enter into the porouscles and
therefore have a longer path and a longer trainsit than larger molecules that cannot enter intogl particles. All
molecules larger than the pore size are unretaémedeluted together. Molecules that can enter timopores will
have an average residence time in the gel partibktsdepend on the molecules size and shape.r@itfenolecules
therefore have different total transit times thriouge column. The name gel permeation chromatographused
when an organic solvent is used as a mobile phase.

The collected fractions are often examined by spscbpic technique to determine the number avenaglecular
weight; weight average molecular weight and theceatration of the eluted particles. Téneerage molecular weight
number is a way to determine the molecular weight of &mper. The average molecular weight number is the
common, mean, average of the molecular weightd®findividual polymers. Measuring the molecular giaiof n

polymer molecules, summing the weights, and digdig n determinates it.

ﬂ_'.'lrn _ Zi N i{i‘ -lrl
2 Vi

An alternative measure of the molecular weight pblymer is thaveight average molecular weight

For the weight average molecular weight, the weiglymer’s dispersion is calculated by:

_ N M2
i1, = e i
Zi j\' iﬂ}ri

WhereN; is the number of molecules of molecular weilght
The ratio of the weight average to the number agera called the polydispercity index. The sampseiktion (at the
concentration of 1mg/ml) is injected on a columntfwrHF as solvent and eluent) packed with polystgr and
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divynilbenzene. For our purpose of study, the samglollected and analyzed with GPC technique diferelnt
extracted and acetylated particulates matters.lih& polymers contain many hydroxylic functiorgrdoups (main —
OH) situated on the aromatic rings or on the latenains, that is the reason why the samples h&e werivatized: an
hydrophobic column makes a covalent bonding with lilgdroxylic functional group. The HPLC system Beus an
Agilent 1100, with a UV-VIS Detector set at 280 im same case at 220 nm). Two different columnsugesl: a PL
MIXED GEL E 3pum (i.e. with a stationary phase of polystyrene wdiffierent reticulations of divynilbenzene) and a
simple PL GEL 5um (i.e. with a stationary phase of polystyrene wfith same reticulation). The eluent flow is set at
1 ml/min, with a loop of 2Qul. The calibration of the system allows finding thé&@ and Mw grounded on the elution
time as the correlation between the retention tiaresthe molecular weight.

The calibration is performed by the injection ofllMenown compounds’ weights: they are PL Polymeariards
(polystyrene resins) of Polymer Laboratories.

The following table shows the Mn and retention snoé every single standard:

Mn tn 1 t(r) 2 mean t(r) log Mp

162 8,824 8,823 8,8235 2,209515015
580 7,778 7,743 7,7605 2,763427994
1060 7,463 7,432 7,4475 3,025305865
1310 7,26 7,252 7,256 3,117271296
1990 6,948 6,94 6,944 3,298853076
3370 6,559 6,557 6,558 3,527629901
4920 6,284 6,297 6,2905 3,691965103
8450 5,922 5,915 5,9185 3,926856709
13880 5,594 5,585 5,5895 4,142389466
19880 5,381 5,377 5,379 4,298416380

Tab. 12 — Mn retention time of every single proeglsstandard.

Graph of retention times and the known moleculassaa of the standard it's found a logarithmic datien, fig.30.
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GPC Calibration Curve
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Fig. 30 — Logarithmic correlation in GPC analysis.

The correlation could be linearized convertingi@ecular weights in their logarithm, fig.31.
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Fig. 31 — Linear calibration curve in GPC analysis.

The linear least square fitting gives the followegation:

y=-0.6077x + 7.5306  (R0.9982).

It is also known that a polystyrene molecule hatdiferent hydrodynamic volume from an oligolignatdathat an
oligolignol has a different hydrodynamic volumerfra dilignol, and the like. So there is an appration on the
determination of polymer’s molecular weights settmwGPC technique.

See chapter 2.1.2: the set procedure is the samthéwdry sample is dissolved in THF at the conegiun of 1

mg/ml.

2.1.2 Zeisel Technique by Gas chromatography — Eleon Capture Detector (GC-ECD) [87-90].

The gas chromatography is a separation techniquéiich a volatile solute is transported through @bite gaseous
phase (typically helium). The stationary phaseoismmonly a liquid covalent bonding to an inert suppé sample in

a liquid phase (an organic solvent) is introduaced &n injector positioned at high temperaturertowte the passage
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between the liquid and the volatile phase. Thei@agas with the solute carry through the columat #eparates the
analytes. The Electron Capture Detector uses @aative Beta particle emitter: a metal of Nickel &38ts by high
temperature (more than 300 degrees). The eleceoited from®Ni cause the nitrogen ionization and a steady
current of electrons between the anode collectdranathode and the ionization of nitrogen gas émgk gas). As
the sample is carried into the detector by theastref nitrogen analyzed molecules capture the relestand reduce
the current. The analyte concentration is propogido the degree of electron capture. This detdstparticularly
sensitive to halogenous compounds.

The quantitative determination of metoxy grouppasticularly important to the characterization lo€ fignin content

in a particulate matter sample. Knowing thmol of —OCH it is possible to compare another quantitative or
qualitative data coming from other technique tR&8-NMR, GC-MS. The method consists in the transfdiomaof —
OCHS3 groups in methyl iodide through a reactiomlaetin the sample and boiling hydrogen iodide:

R-O-CH + HI - R-OH + CH-I

In particular, the reaction device is suggestedwefig.32:

OH OH

+ I==H — + CHsl
o OH
q

OH CHy OH

Fig. 32 — Mechanism of reaction in Zeisel technique

The formed methyl iodide is performed by gas chrtmgi@phy with an electron capture detector.

Because of a mole of GHcorresponds to a mole of —OgHt is easy to calculate the sample’s methoxy psoas a
lignin monomer precursor.

Since the methyl iodide is a volatile compoundoitild be necessary to make immediately a liquidjuidl extraction
with an organic solvent like benzene.

To promote the quality assurance, it's very impurtdhe use of an internal standard: it could bergbally and
physically like the analyte and could have a défgrretention time: the trichloromethane satisfiese features.

The system used is an Agilent 6890 with an ECDs kquipped with a split-splitless injector andAgilent HP-5
column of 30 m of length; 0.32m of stationary phase’s film constituted by a cewalbonded fused silica gel with
polyphenylsiloxanes (5%) and polymethylsiloxanes%9.

For all analysis 1l of the sample extract is injected (a solutiorcbloroform in benzene) for three times to promote
the quality assurance.

Following all the most important data methods.
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Method Information
Injection Source: Manual
6890 GC METHOD

OVEN

Initial temp: 45 'C (On)
Initial time: 10.00 min
Final temp: 45'C (On)

Run time: 10.00 min

INLET

Mode: Split

Initial temp: 200 'C (Off)
Pressure: 10.42 psi (Off)
Split ratio: 19.609:1
Split flow: 45.0 mL/min
Total flow: 50.0 mL/min
Gas saver: Off

Gas type: Helium

COLUMN

Model Number: Agilent 19091J-413
HP-5 5% Phenyl Methyl Siloxane
Max temperature: 325'C
Nominal length: 30.0 m

Nominal diameter: 320.00 um
Nominal film thickness: 0.25 um
Mode: constant flow

Initial flow: 2.3 mL/min

Nominal unit pressure: 10.43 psi
Average velocity: 37 cm/sec
Inlet: Front Inlet

Outlet: Back Detector

Outlet pressure: ambient

DETECTOR (LECD)
Temperature: 300 'C (On)
Mode: Constant makeup flow
Makeup flow: 60.0 mL/min (On)
Makeup Gas Type: Nitrogen
Electrometer: On



Makeup Gas Type: Nitrogen

SIGNAL
Data rate: 20 Hz

For the construction of calibration fit functionxsineasurement standards of vanillic alcohol arectejd (external
standard) processed as shown in chapter 2.2 aratted with in a 10 mg/l solution of chloroformtémal standard)
diluted in benzene.

In a row the preparation description of all usedroftals is shown:

* Vanillic Alcohol (high concentration solution)
PM = 154.17 g/mol

Weigh = 23.4 mg

Solubilized 100 ml (0.1 I) ethyl acetate.

23.4 mg/ 0.1 | = 234 mg/l Vanillic Alcohol

PM CH;l = 141.94 g/mol

234 mg/l *141.94/154.17 = 215.43 mg/l gH

* Vanillic Alcohol (low concentration solution)

White. 0 ul (a processed sample as other solutitmwt the addition of Vanillic Alcohol)
SolutionA. 215.43 mg/l *25ul/10000ul =0.54mg/I CHl

SolutionB. 215.43 mg/l *50 ul/20000ul =1.08 mg/lI CH3l

SolutionC. 215.43 mg/I *100 u¥10000ul =2.15mg/lI CHl

SolutionD. 215.43 mg/l *2250 u¥10000ul =5.39mg/l CHl

SolutionE. 215.43 mg/l %500 u¥10000ul =10.77mg/I CHl

The dosed microliters are lead to dryness and weproceed to the reaction and the final extractiba extractive

solution is set as shown:

e Chloroform CHCI 3 (high concentration solution)

d=1,48 g/ml; PM = 119,38 g/mol; TITLE = 99 %; G800 mg/I
1,48 g/ml = 1,48 10mg/ml

10 ml: xml = 1,48 1%: 5000  0,0338 ml = 33,8 ul

33,8 ul *100/99 = 34.13 ul

34 ul really prelevated of standard in 10 ml of zesme

Creai 10 ml : 0.034 ml = 1.48 £0 x mg/l 5032 mg/l

*  Chloroform CHCI ; (low concentration solution) 200 ul in 100 ml of Benzene:
100 ml : 0.2 ml = 5032 mg/l : x mg/l

x =0.2*5032 /100 =10.064mg/|
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Firstly a linear square fit for a set of standasti€H;l (the final analyte) is developed to compare thecfion’s slope

with the real final calibration curve ones, tab.13:

Standard oy CHCI3 CH3I/ CHCI3 mg/l mg/l R% Average
Samples Area Area Area/Area real Found four;qc?//rleal R%
Al 7565,9 17609,0 0,4297 0,5400 0,5230 96,8
A2 7800,4 17870,4 0,4365 0,5400 0,5376 996 999
A3 8200,1 18404,1 0,4456 0,5400 0,5570 103,2
B1 14679,0 19612,7 0,7484 1,0800 1,2063 111,7
B2 14620,0 20015,1 0,7304 1,0800 1,1677 108,1 1082
B3 13156,8 184475 0,7132 1,0800 1,1308 104,7
c1 22360,9 19986,7 1,1188 2,1500 2,0002 93,0
c2 19715,8 17405,3 1,1327 2,1500 2,0301 94,4 935
c3 232823 20803,6 1,1191 2,1500 2,0010 93,1
D1 53923,0 19653,7 2,7437 5,3900 5,4833 101,7
D2 49129,5 18057,2 2,7208 5,3900 5,4342 100,8 101,2
D3 57518,2 21100,6 2,7259 5,3900 5,4452 101,0
E1 106611,2 19189,0 5,5558 11,3368 11,5116 1015
E2 118368,3 21737,1 5,4455 11,3368 11,2749 99,5 999
E3 110030,4 20361,6 5,4038 11,3368 11,1857 98,7

Tab. 13 — results of the GHorocessed standards.

The correlated function is shown in the followinggh, fig.:

CH3I Calibration Curve y = 0,4665x% + 0,1857
R*=0,9993
_—

[}

\

\N

Area
CH3I/A(r»eaCHCI3

o P

0 2 4 6 8 10 12

Concentration CH3I (mg/l)

Fig. 33 — CHI Calibration Curve.
Then the final linear square fit for the set ofnstards of vanillic alcohol prepared as previoudtpwn, i.e. in

reaction, is developed. We can call them recoveiiedact every single standard is processed likeuaknown
sample. Following the obtained data is presensdd14:
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Standard

CHa3lI

CHCI3

Area

mg/l mg/l R% Average
Samples Area Area CHS3I/CHCI3 real found mg/l foundreal R%

o1 2377,4 20465,9 0,12 0,00 -0,03

02 2147,6 20928,9 0,10 0,00 -0,06

03 2059,6 19154,4 0,11 0,00 -0,05

Al 8398,5 20330,1 0,41 0,59 0,59 100,7 96,9
A2 7750,2 19922,0 0,39 0,59 0,54 92,1

A3 8137,0 20086,5 0,41 0,59 0,58 97,9

B1 12933,4 17970,2 0,72 1,21 1,24 102,7 105,
B2 13745,7 18772,0 0,73 1,21 1,27 104,9

B3 12456,1 16709,5 0,75 1,21 1,30 107,2

C1 22360,9 19986,7 1,12 2,15 2,09 97,1 97,4
c2 19715,8 17405,3 1,13 2,15 2,12 98,5

C3 23282,3 20803,6 1,12 2,15 2,09 97,1

D1 53923,0 19653,7 2,74 5,39 5,53 102,5 102,
D2 49129,5 18057,2 2,72 5,39 5,48 101,6

D3 57518,2 21100,6 2,73 5,39 5,49 101,8

El 106611,2 19189,0 5,56 11,34 11,48 101,2 101
E2 118368,3 21737,1 5,45 11,34 11,24 99,2

E3 110030,4 20361,6 5,40 11,34 11,15 98,4

Tab. 14 — Recoveries results for the final plottalibration curve.

We can use the data found as recovery plottinguteas with the previous curve of CH3I, in the faflog table:

Standard mg/!
fit with R% Average
Samples _ mg/l found/real RY% A Average R%
P Y= 0,4665x + 0,1857

01 0,15
02 0,18
03 0,17
Al 049 82,6
A2 044 73,9 78,7 18.2
A3 047 79,7
B1 114 94,6
B2 117 96,8 96,9 8.1
B3 1,20 99.2
C1 2,00 93,0
c2 2,03 94,4 93,5 41
C3 2,00 931
b1 548 101,7
b2 543 100,8 101,2 13
b3 545 101,0
El 11,51 1015
E2 11,27 99,5 99,9 13
E3 11,19 8.7

Tab. 15 — Quality assurance of the obtained results

46




It can be seen that there is a little loss of awaly the reaction process and in the LLE (liquidraction) that
increases with the decrease of concentration. émyeanalytical system the error associated at lomcentration is

more than the high concentration one. The corrélatection is shown in the following graph:

y =0,4726x + 0,1322

CHgsl Calibration Curve in Reaction )
R”=0,9995

5 /‘
4 /

3 /

2 /

Area CHsl/ CHCI,

0,0 2,0 4,0 6,0 8,0 10,0 12,0

Concentration of CHsl

Fig. 34 — Calibration curve in use for Zeisel teicjoe.

We can see how the two equations are similar betlslape and as y-intercept: this is another evideofcthe

goodness of the improved method.

Because of a sample’s final result as concentraifovanillic alcohol is presented, every data gdtvith previous
linear square fit had to be converted in Vanillicéhol concentration.

The weighed talis qualis or extractable sample teadtyness, is proceeded to the reaction with Bl at 57% in

the oven set at 150°C for 30 minutes. After theigefation 5 ml of water and 10 ml of benzene atdea. Then a
liquid-liquid extraction is made: the organic friact is directly injected in the GC-ECD system.

2.1.3 Analysis of Monolignols by Gas Chromatography — Mas Spectrometry (GC-MS) [10, 37, 84].

GC-MS is a technique that matches a gas chromatbigraystem of separation with a mass spectronaetajyser. In
our study we have to use both acquisition modalit®CAN to monitor the particulate matter’s unknolew

molecular weight compounds and SIM to quantifyltgein monomers markers as later described. Fadn bgies of
analysis the sample must be derivatized by diffemaodalities explained in the chapter 2.2.3.

For SIM analysis we must proceed to the constroctibcalibration fit function. Some characterisfiesubstituted
methoxylated phenolic compounds (methoxyphenolgt ttill retain structural characteristics of thignans
precursors (molecular markers) are chosen.

The quantification of every single compound givesimadication of the original polymeric lignin presors; the
grade’s presence of the low molecular weight faacin the proceeded sample and the stage of tgenéatation of
original polymers if the sample is fully characsed.

In the following table the analytes correlated wittkir main originated lignin:

47



Lign ign fian
MeO OMe
Compound Structure 9 one MW
a0 . o
H G S
4-Allyl-2- oH
methoxyphenol I \J/OCH3 v 164.21
(Isoeugenol cis; _=
trans) ;/
=
CHs
4-hydroxy-3- OxH
methoxydbenzalder v 152.15
yde
(Vanillin) OCHs
OH
4-Hydroxy-3- OxCHs
methoxyacetopher v 166.17
one
(Acetovanillone) OCHj
OH
0. _OH
3,4-
Dimethox_zbenzoic v 182.17
aci
(Veratric Acid) OCH;
OCH;
4-Hydroxy-3- O OH
methoxygenzoic 168.15
aci
(Vanillic Acid)
OCH,
OH
Oy OH
4-Hydroxy-3,5-
dimethoxybenzoic| \ 198.28
Acid HCO OCH;
(Syringic Acid) OH
O._OH
Trans—43;l_—|ydr0xy— P
methoxycinnamic ‘ o v 194.19
Acid T/ OCH;
(Ferulic Acid) OH
4-Hydroxy-3,5- )ok
dimethoxycinnami i OH N 224.21
¢ acid (Sinapic | HC° ‘A\
Acid) HO™
OCH;

Tab. 16 — GC-MS monitored compounds.
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Preliminarily a high concentration standard is made the referred solid compound in ethyl acetasedilution
solvent to set a 10 mg/l mix solution. Then ités$ the dilute standards at 539/l and 50 ug/l. A rate of the standard
solutions (1 ml) is carry on the derivatization B;O-Bis (trimethyl silyl) trifluoroacetamide with % of
trimethylchlorosilane (BSTFA + TMCS); (GE[=Nsi(CHs)3]Osi(CHs)s) (20 ul) and positioned on a hotplate set at
200°C for 30 minutes. Silanization reactions areduso enhance GC analysis for polar non-volatilelysed
compound. The sylation reaction replaces the attixgogen on protic functional group, that redudgmle-dipole
interactions and subsequently increases the vitfaifl the derivating parent compounds. The generattion is:

(CHg)sSIX+R-H — (CH)sSi-R’ + HX

There are many available trimethylsylation reageBSTFA can be used to derivatize all protic fuoctl groups,
including non-sterically hindered alcohols; carblixgcids, amino acids; amides; amines and enols.

Each compound weighs 73,191 amu (a £G8- unit) in addition to its molecular weight foaeh derivatizable
functional group with a contemporaneous subtractiba hydrogen ion. So the products molecular we#gtd their

molecular ion are explained in tab. 17.
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First Second Third
Molecular
. Fragment Fragment Fragment
Compound Structure MW ion . )
. ion ion lon
monitored
monitored monitored monitored
OH
4-Allyl-2- OCH3
methoxyphenol 164.21 236 221 206
(Isoeugenol cis; trang
=
CHgy
(@) H
4-hydroxy-3-
methoxybenzaldehydge 152.15 224 209 194
(Vanillin)
OCH3
OH
Ox_-CHs
4-Hydroxy-3-
methoxyacetophenone 166.17 238 223 208 193
(Acetovanillone)
OCH3
OH
O.__.OH
3,4-Dimethoxybenzoi
acid 182.17 254 239 195 165
(Veratric Acid) OCH,
OCH;
Oy OH
4-Hydroxy-3-
methoxybenzoic acid 168.15 312 297 267 223
(Vanillic Acid) OCHj3
OH
Oy OH
4-Hydroxy-3,5-
d'meﬂ}gxﬁbenzom 198.28 342 327 312 297
ci
(Syringic Acid) HyCO OCH,
OH
O. _OH
Trans-4-Hydroxy-3- “
metho:y_cc;nnamlc 194.19 338 323 308 249
ci
(Ferulic Acid) OCH;
OH
0
OH
4-Hydroxy-3,5- H.CO ‘
dimethoxycinnamic 3 S 224.21 368 353 338 323
acid (Sinapic Acid) ‘ P
HO
OCH,

Tab. 17 — SIM monitored for GC-MS compounds proedss
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In general these compounds, in a non-derivatizatfatus, lead to a fragmentation with a loss akagor the totality
of the lateral chain or with a loss of -CO frone thydroxylic group. Because in this case the hygioxgroup is
protected by the Siloxane group, only the othewwvig fragmentation occurred. But, as we can seénprevious
table a group of original compounds reacts tagrfrentation, the new derivatized compound losses-@t} groups
of Siloxane unit: for example in the case of Acetiolone 223 is the fragment ion with a loss ofGHz group (-15);
208 the fragment ion with a loss of two —Cgtoups (-30) and 193 the fragment ion with a lafsthree —CH groups
(-45). The same is for Sinapic Acid (353, 338, 323}l other compounds in the list.

Sometimes the compound loses all the Siloxane g(MgSi-) with its oxygen bonded: (M-73-16 = M-89). This
occurs for example for Veratric, vanillic and FécuAcids (fragment ions 165; 223; 249 respectively)
Subsequentially the full GC-MS method in use soréed:

Inlet

250°C

17,32 psi

34,4 ml/min total flow

0,8 min 30,0 ml/min purge flow to split vent

2,0 min 20,0 ml/min gas saver

Splitless modality

Column

Constant flow

17,32 psi

1,00 flow

26 average velocity

Oven
°C/min| °C | Time (min)| Tot. time (min)
55 1,00 1,00
10 76 2,00 5,10
10 280 2,17 27,67
30 290 2,00 30,00
Detector
280°C
SIM Program
Range time (min Monitored ions
0-20,35 194-206-209-221-224-236
20,35-22,50 165-193-195-208-223-238-239-254-26 -2
22,50-30,00 249-297-312-323-327-342-353-338

The calibration curve for each compound monitoeévaluated for each sample processed: it is impblbecause
the standards have to be analysed in the same bftoh samples, i.e. each sample will have itdbration curve as

shown in the experimental chapter.
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2.1.4  Structural Investigation by Liquid Chromatography — Mass Spectrometry (LC-MS) [91, 92].

LC-MS is a technique that matches a high performadigrid chromatographic system (HPLC) of separatigth a
mass spectrometry analyser. This kind of Deteaboisists of three basic parts: an atmospheric presso source; a
mass analyzer and a detector system. First incthiees chamber the ions from the sample are proddced the mass
analyzer splits ions of different masses; finaflg tata is collected to generate the mass spectrum.

The ion source in use is an Electrospray lonizatie8l) chamber: the ions are formed by a room teatpee
capillary with an applied electric charge: the ncoles (come from eluated sample and solvent) amgéceg by a
nitrogen gas flow; nebulized charged spruce drapsfermed that under a Colombian force explodeoimsj the
positive or negative ions formed are directionethanalyzer under applied acceleration potentials

A quadrupole filter allows the transit of few mans; the other ones could be gone earth or movey aw neutral
ions. The current potential applied to the four alliet bars that set up the electrodes determiressimitted and
collected m/z ions. At last an electron photomlkipamplifies the signal.

When the data is collected in the full scan mod&rget range of mass fragments is determined maed into the
instrument's method. A typical broad range of mass to monitor with a LC quadrupole analyzer wolédfrom m/z
50 to m/z 2000. Both Full Scan and SIM techniquepossibly set. The differences between GC-MS pmdoce and
LC-MS ones are located in the ionization modehig atmospheric chamber the molecules acquire fesgyg so the
resulted ions are the molecular ions*(NW"; (M+1)"; (M+1); (M-1)"; (M-1)) or the adduct ions formed by weak
bonds with an ion or a molecule solvent: (M+Nfor example.

The importance of this technigue is both, the ciypaonaintenance of the molecule sample tale qualigeneral
deriving from the particular ionization techniqaed the possibility of monitoring monomeric andymokric organic
compounds containing polar functional group: them@pounds in fact are volatilize with difficulty @mare thermally
degradable, so it's impossible to monitor them I6+KS without a previous derivatization.

In our study we used SCAN acquisition modes withiract injection of the sample. We have obtainegpectrum of
the different samples, in which we have comparedaiwv molecular weight standards spectrum anddhs found in
bibliography for the oligomers and polymers comfrgm lignins. At last we have crossed the foundadaith the
GC-MS and the GPC one. In the first case, we cbakk or not have a confirmation of the presenctheffound
monomers; in the second case, we could have ohan@ a confirmation of the presence of high mokculeight
compounds. The limit of the technique is that, total spectrum only a relative presence of anciaud be seen, but
a particular ion couldn’t be seen with a direceaijon but with a previous chromatographic sepamain SCAN or
SIM mode. So these results have to be considemrgidnimary data. In the next chapter the chosen,ianith their
bibliographic reference, and the data’s method|ccba seen.

For the selection of the researched ions it wagssany to carry out a focused bibliographic stutignany articles
regarding the lignin structure and the environmlergaearches on wood markers. Crossing this degacam set the

following table:
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lon. Bibliographic Bibliographic
m/z Mw Mode Name Formula Reference 1 Reference 2
122 168,15 nd Fragment vnillic Acid C7H804 D.R. Oros et al., 2006
_| Fragment of dimeric lignin model compoun@is-4 D.V. Evtuguin, F.M.L. Amado,
1235 124 ESI (M=320.4):p- (M=350.4);Guaiacol C7H802 D.R. Oros et al., 2006
136 ESI- Fragment of 2-Hydroxyphenilacetic Acid apPiello et al., 2002
137 138 ESI- 4-Hydroxybenzoic Acid C8H1002 Cappiett al., 2003
139 ESI- Coumaric acid C7H1001 Cappiello et 02
141 3-HYDROXYGUAIACOL C7H903 D.R. Oros et al.,@®
149 ESI- fragment of Sinapic acid and Acetovanitio Cappiello et al., 2003
150 150 ESI- | 4-VINYLGUAIACOL ; Fragment of Acetovanillorfe C9H1002 D.R. Oros et al., 2006 Cappiello et alg20
151 152 gsi-| Anisic acid; 2-hydroxyphenilacetic acifanilin ; C8H803 Cappiello et al., 2003 D.R. Oros et al.,&00
4-PropylLcathecol
FRAGMENT OF dimeric lignin model compoundg .
1515 ESI- B (M=358.4);3-5 (M=358.4) D.V. Evtuguin, F.M.L. Amado, 2003
SYRINGOL ;
154 154 3.5-DIMETHOXYPHENOL; C8H1003 D.R. Oros et al., 2006
VANILLYL ALCOHOL
_| trans-1.2-cyclopentadicarboxylic acid ; fragment jof .
157 ESI tricarballylic acid Cappiello et al., 2003
nd 164 ISOEUGENOL; p-COUMARIC ACID C10H1202; C9HS3}| D.R. Oros et al., 2006
165 166 ESI- ACETOVANILLONE C9H1003 Cappiello et,&003
165,5 ESI- FRAGMENT OB-O-4 (M=320.4) D.V. Evtuguin, F.M.L. Amado, 2003
3-GUAIACYLPROPANE ;
166 p-HYDROCOUMARIC ACID C10H1402 D.R. Oros et al., 2006
167 168 ESI- VANILLIC ACID C8H804 Cappiello et a003 D.R. Oros et al., 2006
CONIFERYL ALDEHYDE ; 4-
178 METHOXYCINNAMIC ACID; METHYL p- C10H1003 D.R. Oros et al., 2006
COUMARATE
179 ESI- Phenilmalonic acid Cappiello et al., 2003
CONIFERYL ALCOHOL ; GUAIACYLACETONE;
180,2 3-GUAIACYLPROPANAL,; C10H1203 D.R. Oros et al., 2006
METHYL p-HYDROCOUMARATE
181 182 ESI- SYRINGALDEHYDE; Veratric Acid C9H1004 Cappiello et al., 2003
181,5 ESI- FRAGMENT OB-f (M=418.4) D.V. Evtuguin, F.M.L. Amado,. 2003
182 METHYL VANILLATE; VANILLYL ETHANOL C9H1004 D.R. Oros et al., 2006
193 194 ESI- Ferrulic acid C10H1004 Cappiello et2003
194 SYRINGYLPROP-2-ENE C11H1403 D.R. Oros et2006
195,5 ESI- FRAGMENT ORB-0O-4 (M=320.4; 350.4) D.V. Evtuguin, F.M.L. Amadd, 2003
ACETOSYRINGONE;;
HOMOSYRINGALDEHYDE ;
196 3-GUAIACYLPROPANOIC ACID; METHYL C10H1204 DR. Oros etal.,, 2006
HOMOVANILLATE
. C10H1404;
198 HOMOSYRINGIL ALCOHOL,; SYRINGIC ACID COH1005 D.R. Oros et al., 2006
SINAPYL ALCOHOL; SYRINGYLACETONE ;
210 3.SYRINGYLPROPANAL C11H1404 D.R. Oros et al., 2006
212 HOMOSYRINGIC ACID; METHYL SYRINGATE C10H1205 D.R. Oros et al., 2006
223 224 Synaptic acid C11H1205 Cappiello et &0
2255 ESI- FRAGMENT OB-p (M=350.4) D.V. Evtuguin, F.M.L. Amado, 2003
2714 ESI- FRAGMENT OB-0O-4 (M=320.4) D.V. Evtuguin, F.M.L. Amado, 2003
301,4 ESI- FRAGMENT OF3-B (M=350.4) D.V. Evtuguin, F.M.L. Amado, 2003
309,5 ESI- FRAGMENT OFj3-5 (M=358.4) D.V. Evtuguin, F.M.L. Amado, 2003
3115 ESI- FRAGMENT ORB-p (M=358.4) D.V. Evtuguin, F.M.L. Amado, 2003
319,4 320,4 ESI- B-O-4 D.V. Evtuguin, F.M.L. Amado, 2003
327,4 ESI-| FRAGMENT OB- (M=358.4)p-5 (M= 358.4) D.V. Evtuguin, F.M.L. Amado, 2003
339,4 ESI- FRAGMENT OB-5 (M= 358.4) D.V. Evtuguin, F.M.L. Amado, 2003
342,4 ESI- FRAGMENT OB-B (M=358.4) D.V. Evtuguin, F.M.L. Amado, 2003
349,4 350,4 ESI- p-O-4 D.V. Evtuguin, F.M.L. Amado, 2003
357,4 358,4 ESI- B-g; B-5 D.V. Evtuguin, F.M.L. Amado, 2003
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Tab. 18 — LC-MS indagated ions, [10, 83, 92-96].
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358,9 ESI CONIFERYL ALCOHOL'S DIMERS De Angelis et al., 1999
3715 ESI- FRAGMENT OB-p (M=418.4) D.V. Evtuguin, F.M.L. Amado, 2003
377,2 MALDI CONIFERYL ALCOHOL'S DIMERS De Angelis, FregoneseVeri (1996)
387,4 ESI- FRAGMENT OF3-B (M=418.4) D.V. Evtuguin, F.M.L. Amado, 2003
393,4 MALDI CONIFERYL ALCOHOL'S TRIMERS De Angelis, FregonegeYeri (1996)
402,4 ESI- FRAGMENT OF3-p (M=418.4) D.V. Evtuguin, F.M.L. Amado,. 2003
4154 MALDI CONIFERYL ALCOHOL'S TETRAMERS De Angelis, Fregoees Veri (1996)
417,4 418,4 ESI- B-B D.V. Evtuguin, F.M.L. Amado, 2003
509 ESI- Spruce dioxane lignin Evtuguin et al. (1999)
537,1 MALDI CONIFERYL ALCOHOL'S TRIMERS De Angelis, FregoneseVeri (1996)
551,0 MEAIS_EI Spruce dioxane ”g'rllgl;MCEOF;\‘SIFERYL ALCOHOL'S De Angelis,(ggg)onese, & Vt-1ri Evtuguin et al. (1999)
556,1 ESI CONIFERYL ALCOHOL'S TRIMERS De Angelis et al999
581 ESI- Spruce dioxane lignin Evtuguin et al. (1999)
613 ESI- TRIMERS OF Eucalyptus globulus dioxane lignin D.V. Evtuguin, F.M.L. Amado, 2003
643 ESI- TRIMERS OF Eucaliptus globulus dioxamgmith D.V. Evtuguin, F.M.L. Amado, 2003
675 ESI- Spruce dioxane lignin Evtuguin et al. (1999)
734,2 ESI CONIFERYL ALCOHOL'S TETRAMERS De Angelis et a1999
737,2 MALDI CONIFERYL ALCOHOL'S TETRAMERS De Angelis, Fregoees Veri (1996)
747 ESI- Spruce dioxane lignin Evtuguin et a@9d)
839 ESI- tetramers of Eucaliptus globulus dioxane figni D.V. Evtuguin, F.M.L. Amado, 2003
853 ESI- Spruce dioxane lignin Evtuguin et a@99)
868 ESI- tetramers OF Eucaliptus globulus dioXaren D.V. Evtuguin, F.M.L. Amado, 2003
914,9 ESI- Spruce dioxane lignin De Angelis, Bregse, & Veri (1996)
926 ESI- Spruce dioxane lignin Evtuguin et a@99)
1060 ESI- Spruce dioxane lignin Evtuguin et 2899)
1065 ESI- pentamers OF Eucaliptus globulus dioXgmnén D.V. Evtuguin, F.M.L. Amado, 2003
1090 ESI- Spruce dioxane lignin Evtuguin et 2899)
1092,5 ESI CONIFERYL ALCOHOL'S PENTAMERS De Anigedt al., 1999
1094,7 MALD CONIFERYL ALCOHOL'S PENTAMERS De Angelis, Fregore& Veri (1996)
1095 ESI- Pentamers OF Eucaliptus globulus diexamin D.V. Evtuguin, F.M.L. Amado, 2003
1110,8 MALD CONIFERYL ALCOHOL'S ESAMERS De Angelis, Fregone&eyeri (1996)
1193 Spruce dioxane lignin Evtuguin et al. (1999
1269 ESI- Spruce dioxane lignin Evtuguin et 2899)
g;gé CONIFERYL ALCOHOL'S EPTAMERS De A“ge"s’(ggg;’”ese' & VT‘ De Angelis et al., 1999
1291 ESI- hexamers of Eucaliptus globulus dioXaren D.V. Evtuguin, F.M.L. Amado, 2003
1321 ESI- hexamers of Eucaliptus globulus dioXaren D.V. Evtuguin, F.M.L. Amado, 2003
1451,0 ESI CONIFERYL ALCOHOL'S OTTAMERS De Angebt al., 1999
1452,8 MALD CONIFERYL ALCOHOL'S OTTAMERS De Angelis, FregonegeVeri (1996)
1466 ESI- Spruce dioxane lignin Evtuguin et 2899)
1632,2 CONIFERYL ALCOHOL'S NONAMERS De Angelsregonese, & Veri (1996)
1809,6 MALD CONIFERYL ALCOHOL'S DECAMERS De Angelis, Fregoneg&eVeri (1996)




When, in the table, the compounds are more thantbaestructure’s formula can be referred to tlghlghted ones.
The bibliographic reference presents the molecwlaight (MW) or the molecular ion (m/z) monitoredtiwithe

ionization technique. In our samples we investiddtat the same ion if the ionization techniquthessame, the MW
if there is only indicated the molecular weigh fothie ionization mode is different, in both casathwhe trueness of
+/-1 amu. Therefore we consider only the ions vatielative intensity of 2%: so we can abort therii@rences
coming from the samples and the instruments. Thepkes treated with ultrasounds in acetonitrile thiykeacetate for
5 minutes are ever at the concentration of 5 mgDtiier samples, previously extracted with differgoitvent, could
be analysed by LC-MS taking them to dryness and tlissolving them again in GBN. Below, the instrumental

conditions for the implemented method.

LC condition

0,5 ml/min total flow;

50% Acetonitrile; 50% Millig Water
lonization Mode: ESI-

ESI conditions : as Tune file

Mass range : 100-2000 amu
Acquisition time : 0,8 interval/sec

Quadrupole Analyzer : as Tune file.

2.1.5 Structural Investigation by Nuclear magnetic resonace Spectroscopy (NMR) [85, 86, 89, 97, 98].

The structural elucidations of unknown organic xeainalysis are accomplished by non-destructivetspemethod.
NMR, UV and IR analysis gave more information abstmtictural unit content but needed high conceatraamples.
So it is important to make more than one analydiis the same sample aliquot.

In NMR technique the radio frequency electromagnediiation interacts with the magnetically actiugclei of the
samples, subjected to a strong magnetic fiell. (Each nucleus in a molecule’s sample experieaaaagnetic field
slightly from the external ones,Bthe difference from the resonance frequency lisd¢ahe chemical shif), usually
given in parts per million (ppm). How a nucleusssnthe spin states of neighbouring nuclei thratigimical bonds
(scalar coupling) is characterized by the coupliogstant J, i.e. the splitting of lines in Hz. Téfere it could be
given a different longitudinal and transverse ragxtime (T, and T respectively), to change the behaviour of
chemical shift and to obtain more structural infation.

NMR allows the inspection of the whole structue the whole range of structural units presenha& gample but
since a complex matrix like the organic extracpafticulate matter is a mixture of different contated compounds
subsequently separated with difficulty, signals @emonly overlapping or covering. The most infotivenuclei in
NMR spectroscopy of lignins are the proton and earsotopesH and**C. 'H nucleus (natural abundance 99,98%)
is the most sensitive nucleous for NMR spectrosc@py larger chemical shift dispersion*fc NMR (over 220 ppm
vs. 12 ppm in proton NMR) and the more distinctrolwal shifts and narrower line widths 18 spectra maké®C

NMR a highly attractive tool for structural studieklignins but it is also less sensitive (1,11%natural abundance).
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In our work, before the analysis, the samplesai.solvent extract, can be or not be acetylatecelation to the data
we would obtain.

The pyridine sample extract (more than 25 mg/m§dded AgO in a 1:1 volume rate. The sample is positioneann
oven at 50°C for a night. Then the pyridine and sk products reaction are eliminated taken to esgrthree
aliquots of 20 ml of EtOH; three aliquots of 20 efitoluene and three aliquots of 20 ml of CkICI

The solid residual is solubilized in a deuteratwestt (CDCE) and transferred in a NMR tube at the concentnabio
25 mg/ml.

2.1.6  Structural Investigation by Ultraviolet —Visible Spectrometry (UV-VIS) and Infrared Spectrometry
(IR) [87].

The optical spectrometer uses both the near uttietvand visible portions of the spectrum. In cwdy we have used
the latest UV-VIS detector is a Diode Arregntaining a number of photosensitive diodes infthen of a multi-layer

sandwich.

The Infrared instrument in use is a Nicolet FT-IRATAR 360. The residual particulate matter powdemgles
coming from extractable different solution systeerevanalyzed: water; ethyl acetate, pyridine, rethpady; in order

to confirm the absence of residual organic matter extractable.

For the extractable organic compounds, differentfromtable solvents are used. The extraction islenaith an
ultrasonication bath for 5 minutes. Structural elegerisation requires the analytes speciation with sequential
solvent extraction, the extract is centrifuged 80 RPM for 5 minutes, and then the extract isectdld and the
residual particulate matter is ready for anothéresa extraction.

2.1.7 Samples collecting system

The atmospheric particulate phase has been ineéstidy collecting it through gravimetric samplesween PM 2.5
fraction and course fraction. In a gravimetric senphe atmospheric particle phase is collectedhenhead of the
sampler, then it is weighted for the analysis. Tike ofhigh volume sampldas necessary to collect enough quantities
of sample: the atmospheric particle phase is chaipicanalysed for trace compounds and for struttura
characterization analysis that require high quistiof sample. High volume sampling systeitigh Volume PM 2.5,
Tisch Environmentalhas been used during summer campaign fkey to July 2007, in the urban area of Milan
Low Volume sampling systenb¢w Volume PM 2.5, FAI Instruments — Hydra Dual $km has been used during
spring campaign, froriMarch to April 2005, in the same urban ar&izne urban area of Milan is characterized by very
high pollution levels for atmospheric particlest buring spring and summer few alkanes correspantiirbiogenic
source are also found. The main annual chemicaposition of PM 10 for the urban area of Milan ipoged below:
8% of NH,"; 14% NQ7; 11% SQ*; 9% Mineral Dust (“crustal elements”: Al; Si; K;aCTi); 1% Trace Element (V;
Cr; Mn; Fe; Ni; Cu; Zn; Br; Pb) ,(43% of total Irganic fraction) and a 43% of Total Carbon (i.e. EElementary
Carbon + OC - Organic Carbon) [99]. The OC conexiatn in an urban area is about 20% of the totalpde, the EC
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fraction depends more on local emission [81]. Canlgmall fraction of the OC is extractable. The soheed non-
extractable fraction is attributable to naturalmplavax, composed in polymers, probably partly camirom lignin
and cellulose units. Therefore it is probable thase polymers are highly concentrated in the eofsestion because
of their molecular weight and diameter size.

The samples collected are weighed by an analybeiaince characterized by four numbers after thengra

2.2 Experimental Part: Result and Discussion.

In order to improve the initial studies centred thie qualitative identification of the polymeric argc fraction
coming from particulate matter, [9, 10, 81-84],ignin olygomers and polymers study method of twffedént
samples has been developed, with the general pattenalysis shown below:

| PARTICULATE MATTER | |::> [___ZEISEL ANALYSIS

WATER/HCI |:|> EL,UA'[_E CQLLECTION
EXTRACTION Carbozylic Acds, Sugar free
Sonication
» U Certrifugation
*+—
GPCHPLCWEGE -
ETHYL ELUATE COLLECTION- MY PEISFL
ACETATE/CETONITRILE semipolar Cormpounds with a Semmipolar Compounds with &
EXTEACTION mecivm-1ow WIW i e N7
FYRIDINE EXTRACTION | FLUATE COLLECTION- GPC/HPLC-MWEGC-
Apolar Fraction wath an high ME/ZEISEL
MW Semipolar Compounds
with @ mediumddow My

IR ANALYRIZ

Fig. 35 — General pattern analysis for particutaggter lignin like polymers.

The results have be compared to improve the straicand quantitative useful information.
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2.2.1 Gel permeation chromatography (GPC) Results.

The GPC chromatograms show that in both all 200% 2007 extracts samples there isn't any signal reefbe
retention time of six minutes for the presentedbcation (PL MIXED BED Column), so we don’t have Mwer 5000
Dalton.

It could be true if it is considered that it is r@bbable that lignin polymers are present as sudhe particulate
matter, but in the form of fraction (degradatedhot) of the original polymers.

Fig.36 shows the chromatogram of an ethyl acetatae and fig.31 the pyridine one (it must be ¢dered that the

pyridine extract comes from a sub sequential arsabfsa ethyl acetate extract).

VWD1 A, Wavelength=280 nm (PM101.D)
Nom. ]

1204

1004

-—
0 2 4 3 8 0 mi

Fig 36. Chromatogram of an Ethyl Acetate extrecthe 2007 PM sample, acquired at 280 nm with thevixed

Bed Column.

VWD1 A, Wavelength=280 nm (PM1028.D)
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Fig 37. Chromatogram of a Pyridine Residual exteh¢he 2007 PM sample, acquired at 280 nm withRh Mixed

Bed Column.
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We can see that the main molecular fraction isasegtention time of eight minutes, for the pyraliextract (fig. 37)
and of nine minutes for the ethyl acetate extrtt: pyridine extract contains an higher Mn, as shawthe table
below (tab. 19):

Dates Extract Type Nm Column Name Mn Mw Mw/Mn
PM2005 Ethyl Acetate Extract 280 PL Mixed Bed AE 215.5 349.4 14
PM2005 Pyridine Residual Extract 280 PL Mixed Bed P 520.2 1337.4 2.6
PM2007 Ethyl Acetate Extract 280 PL Mixed Bed AE 204.2 279.7 1.4
PM2007 Pyridine Residual Extract 280 PL Mixed Bed P 678.0 1428.2 2.1
PM2007  Pyridine - Water Residual Extract 280 PL Mixed Bed AP 497.7 1075.3 2.2
PM2007  Pyridine - Water Residual Extract 210 PL GEL AP 432.7 18608.5 43.0
PM2007 Pyridine - HCI Residual Extract 280 PL Mixged HCIP 5215 9725 1.9
PM2007 Pyridine - HCI Residual Extract 280 PLGEL CIA 253.8 1084.0 4.3
PM2007 Pyridine - HCI Residual Extract 210 PLGEL CIA 246.3 6641.6 27.0

Table 19 — Results of GPC’s analysis
Legend: Pyridine Residual Extractfraction collected after an ethyl acetate extmactand a pyridine extraction;
Pyridine - Water Residual Extracfraction collected after water, ethyl acetate ation and pyridine extraction;

Pyridine - HCI Residual Extracfraction collected after an HCI 0.1 M solutionhgtacetate and pyridine extraction.

The analysis at 210 nm presents a higher averadgecotar weight (Mw) considering wavelength of altimn: the
lignin oligomers and polymers absorb more at 280wnnile the cellulose absorbes at 210 nm (the mampses
absorption as we could be seen later in UV chaptieryeneral the 2005 samples have a minor comtieoligomers
and a major content of monomers because of seasanglling. Therefore the HCI pyridine residual agtrhas a

minor Mn considering the major disgregative powofean acid solvent on the cellulose polymeric units
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2.2.2 Zeisel Results

The quantitative determination of methoxy groupsp&sformed both on extractable sample and on thginat
particulate matter talis qualis. The sugar contrgsn't interfer with the final results: the prosed standards of
glucose and cellobiose give a signal comparable thi¢ white ones.

It is important to evaluate the unsolubilized ortlyasolubilized solid fraction that otherwise cdube obtained only
with complex methods of extraction.

This is the reason why in tab.20 the Zeisel ansalsesults compared with the weighed samples predes® shown.

Sample mg TOTAL pg/mg pg/mg pg % TOTAL %

PM Extract PM Extract Extract PM Extract PM Ext ract Extract
22,1 1804,3 39875,9 0,18

2005 65,7 10,6 478,3 2964,6 314243 0,05 0,3p
5,3 0,9
20,3 5644,9 114591,5 0,56

2007 9,3 4,2 1237,7 2740,6 11510,6 0,12 0,2y
6,4 11

2005/2007 0,32 0,39 1,08

Tab. 20 — Results of Zeisel analysis: it is shohet the concentrations refer to the PM weighedufoal 3 — Total
PM) when the analysis is conducted on the partieutsatter talis qualis; the Total Extract concergra(column 3)
and the Extract one (column 4) if the sample ioteExtracted and then reacted is presented. imeob and 6 the
absolute picograms are presented; in column 7 ame §ercentages on the total concentration arntdercolumn 9

the extracts one. In the last line the 2005 and Za0nples data is compared.

The extract concentration samples for 2005 (2964/éhg) and 2007 (2740.6 pg/mg) particulate mattertlae same
(rate 1.08; 0.30%; 0.27%): it could mean that thenameric lignin fraction has the same percentaggildution in
comparison to the other compounds, in the orgamlieest extractable sample for the spring and sunaerpaign.
The total concentration is ever greater in the BN tgualis (1804.3 to 478.3 pg/mg for the 2005 gam5644.9 to
1237.7 ppm for the 2007 sample) than in the orgaoient fraction: it could mean that there areerdy monomeric
compounds but even polymeric lignin’s units. Astlahe spring campaign shows a major concentraifoboth
extractable and talis qualis fractions. Total cosipon percentage depends on the samples: aboui b2 2005

sample and about 0.6% for 2007 sample: the sumamepaign has about three times the lignin content.
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2.2.3 Gas Chromatography — Mass Spectrometry (GC-MResults

The total ion chromatograms for the SIM analysia standard are shown in fig.38 below.

lAbundance
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Fig.38 - Standard 500 ug/l of the monomer mixtwlected on the chromatogram at their retention {isee chapter
2.1.4).

The total ion chromatograms for the SIM analysia ghmple are shown in the fig.39 below.
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Fig. 39 — A chromatogram of the PM 2005 sample.
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As we have reported in chapter 2.1.4, the calibnaturve for the monitored compounds is evaluatadefich

processed sample. In succession examples of didibreurve for the same analyte for both 2005 a@@72samples
are shown:

y = 2879,2x - 38647 y = 2792,4x - 39792
R%?=0,9917 R?=0,997

1600000

1600000

1400000 mr =
500 ]
Vanilic Acid _~* =

1200000

/ 1200000
1000000

1000000
Qgﬂ:

800000 / 00000 /
600000 / 600000
400000 / 400000
200000

200000
Iy 90 50

100 200 300 400 500 600
200000 200000

Fig.40 — Calibration curve of Vanillic acid for ti2007 sample and for the 2005 sample respectittayintercept and
the slope are very similar.

In table 21, in succession a significative differenof composition (about the compounds found arer th
concentrations) of the processed samples is shown.

PM 2005 pg/mg PM 2007 pg/mg
Compounds Name Extract with Ethyl Extract with Ethyl
Acetate Acetate
Vanillin 0,6 0,4
Isoeugenol <0,9 <7,8
4-hydroxi-3-methoxy acetophenone 31 56,4
veratric acid 10,1 5,5
vanillic acid 7,7 10,7
siringic acid 0,6 4.7
trans-4-hydroxy-3-methoxy cinnamic acic <0,9 <3,3
sinapic acid 9,7 28,6
Tot. Markers (pg/mg) 31,8 106,3

Tab.21 — Concentration Results of the samplespsecketsvice expressed in pg/mg.

In table 22, it can be seen that the concentrati@®07 sample is more than the 2005 one. The petalentage shows
that these compounds are a low presence for thensugnd spring campaigns.

mg Total Extract % %
Sample PM  Extract  pg/mg pg/mg P9 Total Extract
2005 53 0,9 31,8 187,4 168,7 0,003 0,04
2007 6.4 11 106,3 618,4 680,2 0,011 0,04
2005/200 0,30 0,30

Tab. 22 — GC-MS analysis results for 2005 and Z0#ples extract.
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2.2.4  Liquid Chromatography — Mass Spectrometry (LC-MS) Results.

For the selection of the researched ions it wagsssry to carry out a focused bibliographic stutlgnany articles
regarding the lignin structure and the environmlergaearches on wood markers. Crossing this dataameset the
following table (tab. 23):

PM 2005 PM 2007
SAMPLES A A WAP HCIAP W HCI
Fragment of vanillic acid 122 Nd nd nd nd nd
Fragment of dimeric lignin model compourfi©-4
(M=320.4); 124 Nd 124 nd nd nd
B-p (M=350.4); Guaiacol
4-Hydroxybenzoic acid nd Nd 137 nd nd nd
Coumaric acid 139 Nd 139 nd nd nd
4-Vinylguaiacol; fragment of Acetovanillone 150 Nd 150 nd nd nd
Anisic acid; 2-hydroxyphenilacetic acid; Vanillin;
fragment of dimeric lignin model compound3 nd Nd 151 nd nd nd
(M=358.4);B-5 (M=358.4)
Isoeugenol; p-Coumaric Acid 163 Nd 163 nd 163 nd
Acetovanillone; Fragment of-O-4 (M=320.4) nd Nd 165 nd nd nd
Vanillic Acid 167 Nd 167 nd nd 167
Coniferyl Aldehyde; 4-MethoxyCinnamic Acid; Methgt nd Nd 178 nd nd nd
Coumarate
Phenilmalonic Acid nd Nd 179 179 nd nd
Syringaldehyde; \(/&ri:rllcéﬁ‘)cm Fragment B nd Nd 181 nd nd nd
Methyl Vanillate; Vanillyl ethanol nd Nd 182 nd 182 nd
Syringylprop-2-ene nd Nd nd 194 194 194
Fragment of-O-4 (M=320.4; 350.4);Acetosyringone;
Homosyringaldehyde; 3-Guaiacylpropanoic Acid; Mgéth nd 196 196 196 196 196
Homovanillate
Homosyringil Alcohol; Syringic Acid nd 198 198 198 198 198
Sinapyl Alcohol; SyringylAcetone; 3-Syringylpropdng 209 209 209 nd 209 nd
Sinapic acid nd 223 nd nd nd nd
Fragment ofp-p (M=350.4) 226 226 nd 226 226 nd
Fragment of-O-4 (M=320.4) nd nd 271 271 nd nd
Fragment of-p (M=350.4) nd nd 301 301 nd nd
Fragment of-5 (M=358.4) nd nd 309,5 nd nd nd
Fragment ofp-p (M=358.4) nd 3115 3115 3115 nd nd
B-O-4 (M=320.4) nd nd 319 nd nd nd
Fragment of-p (M=358.4)p-5 (M= 358.4) 327 nd nd nd nd nd
Fragment ofp-5 (M= 358.4) nd nd nd 339 nd 339
Fragment of-p (M=358.4) nd nd nd 342 nd nd
Conyferyl Alcohol’s Dimers 359 nd 359 nd nd nd
Fragment ofp-p (M=418.4) nd nd 3715 3715 nd nd
Conyferyl Alcohol’s Dimers nd nd 377 nd nd nd
Fragment of-p (M=418.4) nd nd 387 nd nd nd
Conyferyl Alcohol's Trimers nd nd 393 nd nd nd
Conyferyl Alcohol's Tetramers 415 nd 415 nd nd 415
B-p (M=418.4) 417 nd nd nd nd 417
Conyferyl Alcohol’s Trimers nd nd 537 nd nd nd
Spruce dioxane lignin; Conyferyl Alcohol’'s Trimers 551 nd nd nd nd nd
Conyferyl Alcohol's Trimers nd nd 556 nd nd nd
Spruce dioxane lignin nd nd 581 nd nd nd
Trimers of Eucaliptus globulus dioxane lignin nd nd 613 nd nd 613
Spruce dioxane lignin nd nd 675 nd nd nd
LEGEND
A EXTRACT WITH ETHYL ACETATE
WAP EXTRACT (RESIDUAL WITH WATER; ETHYL ACETATE) INPYRIDINE
HCIAP EXTRACT (RESIDAL WITH HCI 0.1 M; ETHYL ACETAE) IN PYRIDINE
PM PARTICOLAR MATTER
W EXTRACT WITH WATER
HCI EXTRACT WITH HCI 0.1 M

Tab.23 — LC-MS results for the processed samplaetst
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It can be seen, that the 2007 samples containteehjgresence of oligomers. These results agreetéticPC’s data
analysis.

The sample’s composition of low molecular weigh paunds agrees for both particulate matter extraksswe
could expect, some high molecular weight compowardsfound in the HCI extraction: these compoundddcoome
from cellulose oligomers that don't solubilize irater but need a mild acid solution. It must be @ered that, for
example, thex-D-Glucopyranoside (£gHz,016) — a trisaccharide - has a molecular weigh of §0dol; the Sucrose
(cellobiose — &H»,041) has a molecular weigh of 342 g/mol; the d (+)-Mease and the L-Glucose {,,0¢) have a
MW of 180 g/mol.

In figure 41 below, a sample’s LC-MS spectra (PN026 Extract with Ethyl Acetate).
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Fig.41 — The ESI-LC-MS Spectrum fro the Ethyl A¢eta005 extract.
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2.2.5 Nuclear magnetic resonance Spectroscopy (NMR) Ressll

For NMR structural characterisation of our sampfiestly we have started with 8H-NMR analysis of a non-
derivatized Ethyl Acetate extract of PM 2005 (10/mign deuterate acetone solvent — (:Q0).

In figure 42 the relative spectrum is shown: thespnce of an intense alkane signal at 1.3 ppneé;dhe solvent
signal at 2.1 ppm and many overlapped signals &afppm and 7.5 ppm. The 7.5 ppm signal could bernedeto

phenols; the 3.5 ppm signal could be referred & 1HO-4 sugar bonding: because of their high pesethese
polymers cover the methoxy groups signals.

Fig. 42 — ThéH-NMR Ethyl Acetate Extract spectrum.

Because the organic solvent extract contains a bajicentration compounds interfering with the ligififaction
characterisation, it must be necessary to make smaduential extractions in order to obtain more cétnal
information.

The same aliquot sample (PM 2007), was firstly aoteed with Ethyl Acetate, derivatised as explaiirethe 2.1.6
chapter, and then processed fdf@NMR analysis in CDC} solvent; the residual matter of ethyl acetatettneat
was extracted with pyridine and then the derivatisample processed for'3C-NMR. In the figure below the two

NMR spectra are shown:
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Fig.43 —**C-NMR Spectrum of the Ethyl Acetate Extract.
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Fig.44 -**C-NMR Spectrum of the residual matter pyridine aatr

The two spectra present the same signal, i.eextracts have the same composition. The only sagmif difference
is the 3.75 ppm pesk of the pyridine extract (fg:4it is absent in the spectra of fig.44 and coudgdresent the
presence of lignin —OCHgroup.

For both samples we can say that the signal gpn8is characteristic of alkanes; the 2.2 ppm pea&ferred to the
derivatized —OH; the 4.1 ppm could represent th&ulose presence (1-O-4 interunits bonds); the fapdn the

Alkenes signals.
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2.2.6  Ultraviolet —Visible Spectrometry (UV-VIS) Results.
The entire processed sample by GPC analysis (Ethgggate and Pyridine extract dissolved in THFpliscessed

though a UV spectrum: for both samples the maximnwavelength is 210 nm (this confirms the polysacictear

presence).

2.2.7 Infrared Spectrometry (IR) Results.

The same derivatized sample characterized* »NMR Spectrometry was processed by a FT-AT-IR Speteter:

the two samples extracts spectra are shown irighesk below:
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Fig. 45 — FT-AT-IR Spectrum for the Ethyle Acet&etract.
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Fig. 46 — FT-AT-IR Spectrum for the residual mafigridine extract.
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Like the™®C structural results, the IR spectra show the ssigrals profile:
3388 nm:
3100 nm:
2900 nm:
1725 nm:
1629 nm:
1427 nm:

the —COOH groups resistant to the desatitin
—OCHklaromatic group;

alkanes; aromatics

-C=0 derivatized carbonyl

aromatics;

alkenes;

1377 nm: alkynes;

982-950 nm: aromatic alkenes.

For the characterisation of the real sub sequemtiedlysis extraction capacity (i.e. the organiccticmn total
extraction), it was necessary to analyse the ksitlnal particulate matter powder samples comiom fextractable
Figure 47 shows the overlapped signal of two défifiérresidual powders coming from the 2007 samptegssed
separately: they present the same profile.
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Fig.47 — Two 2007 samples residual powder overldppeocessed by FT-AT-IR Spectrometer.

The total absence of organic compounds signalgeetsim of a silice standard to confirm the marganic residual
presence of these crustal compounds in both sar{figase 48) is processed:
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Fig.48 — Standard of Silice processed by FT-AT-IR.

2.2.8 Compared Analysis Results

For all required samples it was important to estinthe weighed extractable content. In the tablevb¢he obtained

results are presented:

SAMPLE Mg %
PM CHsCN  CH,COOGHs  GsHsN CH:CN/PM CH;COOGHyPM  CsHsN/PM
2005 48 0,8 16,7
2005 6,8 1,2 17,6
2005 53 0,9 17,0
2005 5,8 1.4 24,1
2005 73 11 15,1
2005 5,1 0,7 13,7
2005 65,7 10,6 16,1
2005 102,9 41,8 60,5 40,6 58,8
2007 30,6 4,0 13,1
2007 10,2 15 14,7
2007 15,6 71 5,0 45,5 32,1
2007 33,5 5,8 6,3 17,3 18,8
2007 6,4 11 17,2
2007 9,3 4,2 45,2
2007 5,3 0,9 17,0

Tab. 24 — Results of the weighed extracts (PM tiQdate matter).

In general, with a organic solvent like acetorgtidnd ethyl acetate the percentage of weighedatxsraear 15-20%,
i.e., if the totality of the sample is consideréd;onstitutes an half of organic matter, and #&de to 30-40% of the
organic fraction. The table shows that three aligyaresent a major extracted fraction (40.6, 4518 45.2 %
respectively). In particular the aliquot of 2005tjmailate matter (102.9 mg) is the processed sarfimplehe *C-NMR
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spectrometry. It could mean that the same compositound for both acetate and pyridine extractsiccdie an
exception for this sample’s aliquot. The NMR analysust be confirmed with other processed aliqubtgrefore, in
general the pyridine extraction capacity on thedresd aliquot fraction is higher (from 18.8 to 584). In fact a
greater fraction is solubilized with pyridine, larntother one precipitates after the solubilizattbis can be seen in the

weighed data but not in the structural one. Conmggitie Zeisel and the GC-MS data, we can set flewiog table:

Mg TOTAL pg/mg EX'LSQET pg % TOTAL % EXTRACT
DATA pM |Extract Zeisel Zeisel| Tot | Zeisel| Tot Zeisel | Zeisel| Tot |Zeise| Zeisel| Tot |Zeisel| Tot
PM |Extract|Markers|Extract|Marker§ PM |Extract|Markers| PM [Extract|Markers|Extract|Markers
22,1 1804, 398759 0,18
2005 65,7 10,6 478,3 296416 31424,B 0,05} 0,3
53| 0,9 31,8 187.4 168,§ 0,003 0,02
20,3} 5644,9 1145915 0,56
2007 93| 4,2 1237,] 2740,9 11510,p 0,12 0,2]
64| 1,1 106,3 618,4 680,p 0,011 0,p6
2005/2007 0,3 | 0,39 0,30 1,08 0,308
Zeisel AE/PM,;
TOT Markers/ 0,3 0,02
Zeisel PM2004
Zeisel AE/PM;
TOT Markers/ 0,2 0,02
Zeisel PM2007
TOT Markers/
Zeisel AE 200§ 0.1 0.1
TOT Markers/
Zeisel AE 200 01 02

Tab.25 — Compared results between Zeisel and GGuhdg/sis.

Table 25 shows that the rate from acetate extrs€} &nd the particulate matter Zeisel results t@beut 1/3 (0.3) —
line 5, for the 2005 sample. For the summer canmptig rate is 0.2: this represents a subsequefitroation that
the summer 2007 sample contains a higher percewfagégomers and polymers. Therefore the markats s at
0.02 for both samples: the aliquot of monomers gaetrge doesn’t change if compared with the totalityample and
even with the extracts. We can also monitor thaasibn in detail with table 6 shown below: the GRCs reported,;
Zeisel; GC-MS analysis with the percentage comparifor both 2005 and 2007 samples and for eachepsed
aliquot: most data presented only a confirmatiornihef exposed conclusion, but there is an intergstoncordance
between the percentage of different aliquot sarfsiéhe GPC’s 2007 and 2005 analysis. Only thediye residual
HCI and Acetate extract (A/HclAP — 80.4%) seemawéhlost a high content of monomers and intermomiznoaits.

In the last column it is underlined that if the GP€ data concords, the difference in the two sampiesot the
grade of polymerisation but their content amount @rtheir monomeric composition. It is an importanesult to

characterise two different seasonal and dating sde®p
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% PM 2005 /
PM 2005 PM 2007 PM 2007
SAMPLES %AIP %AIP %A/ %
A P PM ; A P WAP | HCIAP | PM ' wae lamciap A | P |PM
A/PM AIPM
Mn 2155 | 5284 40,8 ] 204,2| 678,0f 497,7| 253,8 30,1] 41,0/ 80,4 |105,677,9
Mw 3494 | 1177,% 29,7 | 279,7|1428,211075,3 1084,0 19,6 | 26,0 258
Mn/Mw 14 2,2 62,3| 1,4 2,1 2,2 4,3 649| 62,3] 31,9
ZEISEL
Poimg €q. | 470 1804, 12371 5644)0 32,0
vanillic
alcohol 26,5 21,9 38,4
pg/mg vanillin 0,6 0,4 164,4
pg/mg
isoeugenol <0,9 <7,8
pg/mg 4-
hydroxi-3-
methoxy
acetophenong 3,1 56,4 5,5
pg/mg
veratric acid 10,1 5,5 183,1
pg/mg vanillic
acid 7,7 10,7 717
pg/mg siringic
acid 0,6 4,7 13J0
pg/mg trans-
4-hydroxy-3-
methoxy
cinnamic acid| <0,9 <3,3
pg/mg sinapid
acid 9,7 28,6 34|0
Tot. Markers
(pg/mg) 31,8 106, 29,9
LEGEND A ESTRACT WITH ETHYL ACETATE

%

P ESTRACT (RESIDUAL WITH ETHYL ACETATE) WITH PYRIDINE
WAP ESTRACT (RESIDUAL WITH WATER; ETHYL ACETATE) IN PYRDINE
HCIAP ESTRACT (RESIDAL WITH HCI 0.1 M; ETHYL ACETATE) INPYRIDINE
PARTICOLARTE MATTER

PM

Tab.26 — Summerising results for the lignin likéyoeers.

Reporting the main quantitative and structural damcan summarize in general that, (Appendix):

The maximum average molecular weight (Mn), is aty@@ Dalton;

The maximum weight average molecular weight (Msabout 15.000 Daton;

The content of polymers is ignorable compared witholigomers one (trimers and dimers) in the sbadul
organic matter;

The cellulose content has an important role in ¢inade of polymerization definition but not in the

concentration data;

DATES REFER TO FRACTION IN ORDER OF INDICATION; PRDO5 / DATES OF PM 2007

The total lignin concentration is greater in the Riiqualis than in the organic extractable fragtitog.49;

With the developed sample’s treatment, all orgamédter could be extracted, but not solubilized.

The concentration of the lignin total fraction iger in the PM tal qualis (5645 pg/mg) than theaotable

organic fraction (2741 pg/mg), fig.49.
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Fig.49 — The lignin fraction particulate matter tamt expressed in percentage respect the Organbo@40C) data
or the Urban City of Milan.

About the processed two samples we can explainfigeg0 and Appendix 1 — tab.1:
. The Summer Campaign has a greater contributioigoinl content than the Spring Campaign — as we
expected;

The two samples’ data agrees with their grade bfrperization.
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Fig.50 — Compared data for the Averaga Numeral bldee Weight (Mn); Average Ponderal Molecular Weigh

(Mw); Grade of Polymerization (Mn/Mw) and Fractioh Zeisel concentration between Acetonitrile andtiPalate
Matter data obtained.
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