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THE PhD PROJECT

The PhD project is inserted within the broad fiefdignocellulose chemical
characterization and comprehensive utilization, @®moted by the
biorefinery approach.

Lignocellulose is an extremely structurated natumaterial made up of three
main biopolymers: cellulose, hemicellulose, andiilig Cellulose consists of
linear chains oB3(1-4) linked D-glucopyranose units which, when fdun
cell wall, is difficult to break down into glucodgecause of its extensive
inter- and intra-molecular H-bonded network anchhigrganized crystalline
structure. Hemicellulose is a carbohydrate hetdyoper composed of
several different sugars including five-carbon andcarbon which is easily
broken down into its building blocks. Lignin is @rnaplex and irregular
polymer network, composed of randomly cross-lingadnylpropanoid units,
and acts as a glue holding cellulose and hemioskutogether.

The biorefinery concept is analogous to today'srgetm refinery that
produces multiple fuels, power and chemical proslutom petroleum.
Biorefinery systems generally work by processindia-based feedstock
input to create fuel, chemicals, feed or power/heat an output.
Lignocellulose biorefinery generally includes thfaedamental steps: first, a
pretreatment to fractionate the recalcitrant ligellndose structure; second, an
enzymatic hydrolysis of the isolated cellulose mpi® obtain fermentable
sugars; and third, the fermentation, to produckilosic ethanol or other bio-
based chemicals. Because of the resistant struofuoeystalline cellulose
and natural composite structures of lignocellulgsiefficient pretreatment
technologies are needed prior to the enzymaticdiysis.

The PhD project found its common thread in the tgraent and application
of an integrated analysis protocol - schematicadlported below - that
enclose different chromatographic and spectroscogatiniques, and the
utilization of innovative solvent media (i.e., ioniliquids) for the
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functionalization and subsequent chemical analysatherwise undetectable
substrates such as unprocessed, native lignocgdlulbhis novel approach
requires mild conditions for the derivatizationcgan and leaves an overall
unaltered substrate, thus avoiding any chemical sancttural modification

due to components extraction. The only harsh pgtrent required is several
hours of milling, needed to reduce the particle sind cellulose crystallinity

to help the ionic liquid to diffuse into the interiof the lignocellulose.

Cellulolytic LIGNOCELLULOSIC Holocellulose
treatment MATERIAL | |

Cellulose Hemicellulose

Dissolution into lonic Liquid

_ ] Phosphorus
Benzoylation Acetylation Derivatization
GPC GPC | | 2D-HSQQ 3p-NMR

Summarizing, the PhD thesis is based on the foligwopics:

v' Exhaustive chemical characterization of lignins rastied from
different woody and herbaceous materials by chrographic and
spectroscopic analysis.

v Characterization of unprocessed lignocellulose tsates exploiting
the striking solubilizing power of ionic liquids tabtain derivatized
specimens subjectable to chromatographic and gecipic analysis.

v Detection of lignin-carbohydrate complexes in natikierbaceous
plants, again accomplished by solubilization in igonliquid,
appropriate functionalization, and subsequent chtographic

analysis.



During

Optimization of the lignin extraction procedure rfrohusk and its
functionalization for the production of value-addi@ters addressed
to the preparation of novel biocomposites.

Thermal, morphological and structural characteigzatof poly(3-
hydroxybutyrate)-based biocomposites prepared bstinga from
chloroform solution of the polymer and differentn@tionalized
lignins.

Assessment of the state of conservation of archgeal woods
excavated from underwater shipwrecks.

the PhD research, these different aspect® wempenetrated and

organized into three different projects, namely:

1.

3.

Annual plants: characterization and lignin-carbalayel complexes
detection.

Rice husk lignin recovery and its effect as a filla the thermal
behaviour of poly(3-hydroxybutyrate)-based biocosifas.

Archaeological waterlogged woods characterization.

The second project has been developed within &goiasearch activity of the

University of Milano-Bicocca, the Italian Pulp amthper Research Institute
(SCCP, Milan) and ISMAC CNR (Milan).

General backgrounds and main conclusions of egulc &ye reported in the

next sections.



Annual plants. characterization and lignin-carbohydrate complexes
detection

Lignocellulosic substrates must be pretreated tgrave enzymatic
saccharification. Among many others, lignin hasnbekown to be a very
influential factor, acting as both a physical barrand limiting hydrolysis
through the adsorption of cellulases. Lignin anthtesl oligomeric and
monomeric phenols are possibly found in the ligHatmse structure both as
a polysaccharide-linked moiety and as free entitgnin is reckoned to be
for the most part associated with hemicellulosesugh covalent bonds. This
type of association is known as lignin-carbohydratemplex (LCC). A
number of different approaches have been propaséar $or lignocellulosic
pretreatment aimed at the removal of lignin inahgdbiological, chemical,
physical and thermal processes. However, all ahthesults in a substantial
loss in fermentable sugar content of the residablsaccharides.
In the last few years, the development of ioniailiig and their application as
green solvents for the pretreatment and fractionaf lignocellulosic
biomass led to an intensive research which provesl dpportunity of
selectively extract a chemically unaltered lignimdasimultaneously yield an
unaltered, highly biodegradable cellulose fractidevertheless, the presence
of LCCs could not be avoided due to their intrinsature, i.e., a covalent
bond connecting a polysaccharide chain to a ligmomety. Indeed, whereas a
fairly large lignin fraction could definitely be kbilized and removed from
the lignocellulosic substrate, polysaccharidesragenerated from the ionic
liquid solution after the addition of an antisolvesuch as water or ethanol.
The opportunity for a plain investigation of theegence and amount of
lignin-carbohydrate complexes (LCCs) in renewabkdftocks is therefore a
major issue in the choice of the most appropriag¢rgtament.
This study is focused on the chromatographic charaation of

lignocellulose from agricultural wastes (rice huskheat straw) and
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herbaceous energy crop&r@ndo donax, Miscanthus sinesis) and their
fractionation products (hemicellulose, cellulosend alignin). Exploiting
alternative chemical derivatizations on the afonetio@ed samples, which
resulted in different instrumental response whehnstied for GPC-UV
analysis, it was possible to discern the conndgtigmong the various
lignocellulosic components. The acetylation andzogtation of the milled
native substrates in ionic liquid media, and theteyatic comparison
between their GPC-UV chromatograms has reveale@lf iteas a
straightforward technique in the detection of LCQGaurthermore, the
acetylation of the hemicellulosic fractions, alomigh the benzoylation of the
cellulosic fractions in ionic liquid media as wedhhd the comparison between
these molecular weight distributions as opposedthe corresponding
chromatograms of functionalized unprocessed stammaterial, offered a
valuable method for the assessment of the LCC-bpohgaccharide nature.
Moreover, the method allowed to venture a purelglitptive evaluation of
the LCCs molecular weight and composition in termhshemicellulose to
lignin ratio. This novel approach proved the presenf a more or less
pronounced connectivity between lignin (or any othematic compounds)
and the hemicellulosic fraction of the analyzedcspens, whereas the
cellulosic fraction was conceived as a substagtialhbound moiety,
accounting for the sample composition at higheranwalar weights.
Moreover, extracted lignin specimens were compjetaracterized by
GPC, 2D-HSQC-NMR, an#P-NMR revealing a similar structure for all the
four samples. It is worth highlighting that the gmatic digestion of biomass
for the production of biofuels leaves as byprodudarge amount of lignin.
Therefore, such a similarity surely representsngpoirtant feature for a future
large-scale production of bio-based chemicals fresidual lignin.



Rice husk lignin recovery and its effect as a filler on the thermal behaviour
of poly(3-hydroxybutyrate)-based biocomposites

(developed in collaboration with SCCP and | SMAC CNR)
With a production estimated in about 680 milliomgstear (FAOSTAT
Database, 2008), rice is probably the most importaop with regards to
human nutrition worldwide. Rice husk, the outereoef rice grain, is among
the principal processing side-products and accdantabout 20% by weight
of rice. Despite its widespread availability, inttied applications of rice
husk lignin are rather limited, and it has beerkoeed that only 1-2% of it is
addressed to the development of innovative biosbhgs®ducts, such as
biocomposites. Biocomposites are novel materiatainbd by compounding
a biodegradable polymer with biodegradable filldrsrecent years, fillers
from renewable source have been increasingly usettha preparation of
PHB-based biocomposites. The presence of ligniaggparticular properties
to the composite: it can act as a stabilizer préngrpolymer ageing due to
its antioxidant activity, it is able to produceade amount of char residue
upon heating at elevated temperature in an inerdosjthere, a basic aspect of
flame retardant additives, and it can also behave raucleating agent during
the crystallization of different thermoplastic paigrs and interfere on their
supermolecular structure.
In this work different lignin extraction proceduregre tested, but eventually
only two of them - namely: acidolysis and alkalieazymatic - were
recognized as viable and thus exhaustively explovedying critical
parameters in order to set the more straightforveard feasible extraction
process. The lignins thus isolated were fully cbimazed by means of
gravimetric, chromatographic (GPC) and spectroscoftP-NMR, 2D-
HSQC-NMR) analyses with the aim to define the Imesthod with regard to
yield, sample purity and optimal chemical and moitpgical properties,

recognized as key parameters for biocompositeda@awvent.

6



Quantitative®'P-NMR spectroscopy showed that rice husk lignimiinly
formed by guaiacyl and p-hydroxyphenyl units, nepending on the applied
extraction procedure. Acidolysis lignin (AL) andckaline-enzymatic lignin
(AEL) specimens were further analyzed by 2D-HSQCHRIkpectroscopy to
identify the principal intermonomeric bonds andetluate any significant
differences in the two polyphenols connectivity. ngwehensively,
spectroscopic analyses were consistent with an A&mple still rich in
carbohydrates, even after the cellulolytic treattnemd also containing a
large amount of oxidized functionalities, originateither by cellulose
degradation or lignin side chains oxidation (orh)ofThe best results with
regard to gravimetric analyses (yield, purity, aglere identified in the AL
sample, which showed an appreciable lignin recqueigh purity, a reduced
carbohydrates fraction, and low ash content.

Subsequently, biocomposites of poly(3-hydroxybugya (PHB) and
acetylated acidolysis and alkaline-enzymatic ligwigre prepared by casting
from chloroform solution and thoroughly tested wilie aim to establish a
relationship between the biocomposite propertied e ligno-derivatives
characteristics. Preliminary investigations by Té@#d DSC showed that the
interference on PHB thermal stability and crystallion behaviour was
stronger for the AL sample than for the AEL oneeifdiore, a second part of
the study was dedicated to the structural and nadogical characterization
of PHB/AL composites and to the evaluation of théluence of various
lignin contents on the thermal properties of PHB/@&dmposites. A decrease
of PHB crystallization rate and an increase inniarstability was observed
as a function of the lignin amount in the PHB/Alotdmposite series. The
morphological characterization pointed out the @nese of AL particles
having dimensions ranging from some tens of nmotmesum, confirming

the accomplishment of an effective dispersion @f filer into the polymer



matrix to which the enhancement of the thermaliktalof the composites
could be ascribed.

Summarizing, the addition of AL causes a decreatethe overall
crystallization rate and the spherulite radial giowf PHB. The depression
of the crystallization rate was ascribed to theeased energy required for
the transport of PHB macromolecules through thet,nedused by the

presence of lignin domains.

Archaeol ogical waterlogged woods characterization

Anaerobic erosion bacteria can slowly degrade Wwajged wood, causing a
loss of cellulose and hemicellulose. During thisgass, lignin can also be
altered. For this reason, the chemical charactesizaof waterlogged
archaeological wood is crucial for both the elutma of the degradation
processes and also the development of consolidadimh conservation
procedures. The limit of the present approach & the diagnostic of
archaeological wooden objects is still based onitigsolation which may
result in some extent of chemical and structurafification, even if mild
conditions are applied to the extraction procedure.

The complex structure of lignocellulose makes #agtically impossible to
dissolve wood in its native form in conventional legular solvents. lonic
liquids can provide a homogenous reaction medium vi@od-based
lignocellulosic materials. Highly substituted ligredlulosic esters and
phosphite esters can be obtained under mild comditby reacting pulverized
wood dissolved in ionic liquid with either acyl ohides or
dioxaphospholanes in the presence of pyridine. Aesalt, the functionalized
wood develops an enhanced solubility in molecutdvents, allowing for a
complete characterization by means of spectroscapec chromatographic
techniques. The use of innovative solvent systethagonic liquid [amim]ClI

and complementary techniques based on NMR and GRKAlexl to highlight
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chemical and morphological changes of lignin iniveatwood avoiding
further handling and potential alteration thereof.

In this study, archaeological woods and referermand woods of the same
taxa (Quercus andArbutus Unedo), along with the corresponding extracted
lignin, were exhaustively characterized by mean¥®fNMR spectroscopy,
two dimensional NMR spectroscopy (2D-HSQC-NMR) &BBRC analysis.
The samples were collected from the Site of theiémicShips of San
Rossore (Pisa, Italy), where many shipwrecks ddtimm 2nd century BC to
5th century AD have been discovered.

The results highlighted a limited degradation & éxtracted lignin fractions.
The chemical structure of archaeological ligninstl very similar to the
one of lignin specimens isolated from referencendowood of the same
taxa.

Analyses on the unprocessed woods under examinadimred out a deeper
and faster consumption of the polysaccharide maimnk confirmed a limited
degradation of the polyphenolic fraction. Furthereyaon the basis of this
approach it was possible to assess the presendeyrmn-carbohydrate
complexes which may have been otherwise altersditite extent during the
lignin extraction procedure. Altogether, chromaggric, spectroscopic and
Klason analyses demonstrated a severe degradatimteming the
archaeological Arbutus Unedo wood. Ancient Quercus wood, instead,
showed an overall recalcitrant behaviour towardsnbal and/or biological
degradation which could be related to the pronodint€C content
highlighted by GPC and quantitativ&P-NMR analyses for both the

archaeological and the reference sound wood.
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Introduction

1. LIGNOCELLULOSE: COMPONENTSINTEGRATION AND
MOLECULAR STRUCTURE

1.1 Cdl wall structure

Green plants constitute about half of the livingtieraon Earth and have a
diversity ranging from simple green algae to flomwgrmplants.

Limited and unstable resources of oil have spaekezhewed interest in the use
of plant cell wall carbohydrates. Constituting theost abundant reservoir
of polysaccharides structures in nature, cell watbohydrates are envisaged as
primary source of biomass for biofuel production.

The cell wall is the extracellular matrix of theapt cell. It must be strong
enough to support the plant and withstand the nialeturgor pressure of the
cell. It must also be able to extend during celbwgh and participate in
interactions with the environment.

Plant cells use two types of cell walls to perfatmeir functions, termed the
primary and secondary walls. Typical primary pleeli walls are composed of
cellulose microfibrils (9-25%) and an interpenetrgtmatrix of hemicelluloses
(25-50%), pectins (10-35%) and proteins (10%}4). Cellulose forms the
framework of the cell wall while hemicelluloses ssdink non-cellulosic and
cellulosic polymers. Pectins provide cross-linksl atructural support to the
cell wall, whereas proteins can function eitherudrally (extensin) or
enzymatically.

As a definition, secondary walls are derived fronmary walls by thickening
and inclusion of lignin into the cell wall matri®)(and occur inside the primary
wall. Secondary cell walls of plants contain celké (40-80%), hemicellulose
(10-40%), and lignin (5-25%)6(7). The arrangement of these components
results in a network of strong rod-like moleculés@llulose tethered together
by cross-linked glycans and embedded in a matrikgoin. The relevance of

secondary cell wall structure to different fieldashurged the scientific

13



Introduction

community to structurally analyze components of #ezondary cell wall
structure.

1.2 Cellulose (8)
Cellulose is the major consistuent of plants calllwits function is always
mechanical, and it occurrs either in pure formraghe seed hair of cotton, or
mixed with other polysaccharides and lignin, asvood. The role of cellulose
in this composite is to work as an enforcing fibre.
The primary structure, i.e., its covalent bond grait of cellulose is very
simple: a linear unbranched polymerpaglucopyranoside residues connected
by B (1—4) glycosidic bonds. The degree of polymerizatibeeadlulose chains
is around 2,000-25,000 glucose residues, makinglesé one of the longest
polysaccharide known. The fact that the glucopysananits are in the form of
B-anomers makes the polysaccharide straight anai@sdke in opposition to the
1-4 glucan of a-anomers, amylose, which is helicoidally shaped.
Nevertheless, the cellulose chain is not totaltgight: theoretical calculations
indicate that a cellulose chain form a very extenhtlelix. If this has some
biological significance is not known. Every secagldcose residue is “turned
upside down” compared to the previous, i.e., tr@dues are rotated 180°
towards each other. Thus, the repeating unit iluloske is a cellobiose residue
rather than a glucose residue.
However, the properties of cellulose that have madeich a biological and
technical interesting polysaccharide are dependanits secondary structure
(Figure 1). Two hydrogen bonds - between the C6 hydroxyl #mel C2
hydroxyl, and between the C5 oxygen and the C3 dxydr- stabilize the
glycosidic bond and make the structure stiff. Thare also hydrogen bonds
between cellulose chains forming sheets. Theseolgdr bonds are located
between the hydroxyls at C6 and C3.

14
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Figure 1. Representation of intra- ed inter-molecular hgdm bonds pattern in a cellulose
sheet. Hydrogen bonds between the C6 hydroxyl hadC2 hydroxyl, and between the C5
oxygen and the C3 hydroxyl stabilize the glycosiiond and make the cellulose chain
structure stiff. Hydrogen bonds located between @éeand the C3 hydroxyls result in the
formation of a sheet.

Cellulose sheets are stocked over each other d@mchah by van der Waals
bonds and y-interaction, i.e., hydrophobic interactions. Sisingly,
hydrophobic forces are important in the celluloseicture. Even if both
glucose and cellulose are considered to be veryropydic, the chair
conformation of glucose can be described as a sliatih the hydroxyl groups
pointing outwards. Thus the top and the bottom wolfiydrous glucose is
actually rather hydrophobic. Furthermore, the hygr@roups are locked in
hydrogen bonds in the structure.
When the cellulose sheets bind to each other, dagyafford two different
crystal forms, cellulose, nd k. This is due to the glucose residues of different
sheets that do not stack directly over each ottarsing a displacement in the
position of the chains in the adjacent celluloseeshThe third layer can be
dispaced in the same direction as the second, fgrreellulose J, or in the
opposed direction, forming cellulosg. [There are also differences in the
hydrogen bonding pattern of celluloseahd . As a result, these two different
type of cellulose are described by different umll.cBoth crystal forms are
thought to co-exist in cellulose: cellulosg i meta-stable and can be
transformed inhe more stable cellulosg &t high temperature and pressure in
alkaline or acidic solution.
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Upgrading its complexity, long and relatively namreheets of cellulose chains
forms highly organized bundles called microfibrilsheir size varies among
different organism, as well as in different tissuég size can even vary among
cell wall layers. A cellulose chain may be 47 long, but a fibril can be much
longer, probably at least 40n due to several chains overlapping each other.
Each cellulose microfibril has approximately 36 agise chains, and every
elementary fibrils are further associated into éargunits, called fibrils
aggregates, by means of non-cellulosic polymers, hemicelluloses and
pectines Eigure 2). Furthermore, cellulose microfibrils contains bdtighly
ordered (crystalline) and less ordered (semi-cliysta or amorphous)
structures, with the less ordered cellulose suggetst be located either on the

fibrilar surface or in amorphous segments of thelfi

cell wall ,

cellulose
microfibril

hemicelluloses bounded to
the surface area and
trapped into the microfibril

crystallin domain

cellobiose repeating unit

Figure 2. Representation of a cellulose microfibril showitsyorganization.
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1.3 Hemicedllulose (9,10)
A hemicellulose is any of several heteropolymeesent along with cellulose
in almost all plant cell walls. It consists of stdnighly branched chains of
sugars. In contrast to cellulose, which is a horhoper of glucose, a
hemicellulose is a heteropolymer containing différsugars. It contains five-
carbon sugars (usually D-xylose and L-arabinose}carbon sugars (D-
galactose, D-glucose, and D-mannose) and uronitsathe sugars are highly
substituted with acetic acid. The branched natdraeonicellulose renders it
amorphous and relatively easy to hydrolyze to asstituent sugars compared
to cellulose.
Hemicelluloses have B-(1—4)-linked backbones with an equatorial
configuration. They include xylan, xyloglucan, arabiylan, glucomannan,
glucuronoxylan, an@-(1—3,1—4)-glucans. These types of hemicelluloses are
present in the cell walls of all terrestrial planexcept forp-(1—3,1—4)-
glucans, which are restricted to Poales (the aerhich Gramineae belong).
The detailed structure of the hemicelluloses armgr thbundance vary widely
between different species and cell types. The nngsbrtant biological role of
hemicelluloses is their contribution to strengtimgntihe cell wall by interaction
with cellulose and lignin. In addition, hemicellsks may be cross-linked to
lignin by ester and ether linkages, giving whatregerred to as a lignin-
carbohydrate complex (LCC).
Xylans are the dominant hemicelluloses in hardwawod non-woody biomass.
They are known as heteropolymeric substrates domgi®f a repeating-
(1—4)-linked xylose backbone branched with acetyl geyuarabinofuranosyl
residues, and glucuronic acid or its 4-O-methyketfigure 3). Xylans from
different sources differ in composition; the freqog and composition of
branches are dependent on the source of xylannXyan be categorized as

linear homoxylan, arabinoxylan, glucuronoxylan, ghaturonoarabinoxylan.
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Figure 3. Basic structure of a xylan in grasses. The O<itjpm of arabinofuranosyl residues is
able to ester bound to ferulic acid, a phenoliddpi between hemicellulose and lignin.

Glucomannans and galactoglucomannans are the mgonicellulosic
components of the secondary cell walls of softwo@agure 4). Glucomannan
is a water-soluble hemicellulose polysaccharidenipa straight-chain natural
polymer, with a small amount of branching. The comgnt sugars afe
(1—4)-linked D-mannose and D-glucose in a ratio of:1..6The degree of
branching is about 8% throu@h(1—6)-glucosyl linkages. Glucomannan with
a-(1—6)-linked galactose units in side branches is dajiactoglucomannan.
Glucomannans and galactoglucomannans show somatieas in structural
features depending on the plant species and sfadevelopment. The extent
of galactosylation governs their association tenglieéon cellulose microfibrils

and, hence, their extractability from the cell waktrix.
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Figure 4. Structure of a galactoglucomannan
1.4 Lignin

The word “lignin” is derived from the Latin terignum, which means wood.
Anselme Payen, in 1838, was the first to recogtiieee composite nature of

wood and referred to a carbonrich substance as‘aherusting material”
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which embedded cellulose in the wood. Later, in5186chulze defined this
encrusting material as lignin.

Lignin is the second most abundant biological maken the planet, exceeded
only by cellulose and hemicellulose, and comprise25% of the dry weight
of woody plants. This macromolecule plays a vitalerin providing
mechanical support to bind plant fibers togetheat also plays an important
function in the plant natural defense against diémjian by impeding the
penetration of destructive enzymes through thevealll (11).

Lignin monomers originate from the action of pheghine ammonia lyase,
tyrosine ammonia lyase and other phenylpropandate@ enzymes directing
metabolites to, among other things, lignin biosesik 2,12). The shikimic
acid pathway and phenylpropanoid metabolism leathéosynthesis of the
following lignin monomers: para-coumaric acid, fieruacid, diferulic acid,
sinapic acid, cinnamic acid, andg-hydroxybenzoic acid. Enzymes
subsequently catalyze the formation of three allsphalso known as
monolignols - para-coumaryl, coniferyl, and sinagtohol Eigure 5) -

which interact and polymerize to form lignin in tbecondary cell wall.

OH OH OH
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[ |
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~Na7 —
‘l‘ 477 >Some Meo” \‘l‘/ ome
OH (l)H OH
Para-coumaryl Coniferyl Sinapyl
alcohol alcohol alcohol

Figure 5. para-hydroxycinnamic alcohols involved in lignilm$ynthesis.

Lignin has been described as a random, three-dioraaisnetwork polymer
comprised of variously linked phenylpropane uni®ant lignins can be

broadly divided into three classes: softwood (gyspewsm), hardwood
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(angiosperm) and grass or annual plant (graminagdagnin (13). Guaiacyl
lignin is composed principally of coniferyl alcohalnits, while guaiacyl-
syringyl lignin contains monomeric units from camijl and sinapyl alcohol.
In general, guaiacyl lignin is found in softwoodhkile guaiacyl-syringyl lignin
is present in hardwoods. Graminaceous lignin is pmsad mainly of para-
coumaryl and coniferyl alcohol units, but even piylaalcohol is well
represented.

The lignification process, which accompanies seaondaell wall formation,
arises from generation of free radicals that regontaneously to form lignin
and even some linkages to wall polysaccharidds (ndeed, lignin is always
associated with carbohydrates (in particular wigémitelluloses) via covalent
bonds at two sites: thecarbon in the propanoid chain and the C4 in the
benzene ring, and this association is called ligrarbohydrate complex
(LCC). Polymerization of monomeric free radicalsuiks in highly condensed
core lignin, while free radical linkages betweemnlin monomers and
polysaccharides may produce what is referred tooascore lignin. Non-core
lignin is typical of the Graminae family and its neponents include: p-
cumaric, ferulic, p-hydroxybenzoic, sinapic, andnamic acids.

Lignin polymerization is initiated by oxidation tfie phenylpropane phenolic
hydroxyl groups. Freudenberg has shown that ligpiecursors undergo
dimerization through enzymatic dehydrogenation, clwhis initiated by an
electron transfer and yields resonance-stabilizednpxy radicals 15). A
monolignol free radical can then undergo radicalpting reactions at any of
the positions of the unpaired electron, producingaaety of dimers, termed
dilignols. Branching of the polymer may take plategough subsequent
nucleophilic attack by water, alcohols or phendiydroxyl groups on the
benzyl carbon of the quinone methide intermediBite. dilignols then undergo

further endwise polymerization, instead of comhgnivith one another.
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After many years of study, the structure of natigain still remains unclear.
However, the dominant structures in lignin have rbeducidated as the
methods for the identification of the degradatiooducts and for the synthesis
of model compounds have improved. The results fitoese numerous studies
have yielded what is believed to be an accurateeseptation of the structure
of lignin. Examples of the elucidated structurattees of lignin include the
dominant linkages between the phenylpropane umidstheir abundance, as
well as the abundance and frequency of some furatigroups.Figure 6
shows some of the most common linkages found mrigrhe dominant is the
B-O-4 linkage. In 1995, Karhunest al. (16,17) discovered a new 8-membered
ring linkage in softwood lignin called dibenzodi@xe. This linkage is now

proposed to be the main branching point in softwagdn (18).
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Figure 6. Intermonomeric linkages found in lignin. Top,tl&d right: arylglycerol-arylether
(B-O-4) erythro and threo form, pinoresinf+p), phenylcoumararp¢s), andp-1 unit. Bottom:
condensed phenols, left to right: dibenzodioxo¢b®’-O-4), biphenyl (5-5’), and diaryl ether
(4-0-5).

The lignin macromolecule also contains a varietyfwfctional groups that
have an impact on its reactivity, such as methaxglps, phenolic hydroxyl

groups, and few terminal aldehyde groups.
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The nature of lignin polymerization reactions résuh the formation of a
three-dimensional, hydrophobic, racemic, highlyAaotsed, interlocking
network of high molecular weighfEigure 7 pictures a tentative representation
of a softwood lignin proposed by AdIer9) and later modified by Karhunesh

al. It is important to note that the model proposedsdnot depict the actual
structure of lignin. Instead, it serves as a ta@olisualize the linkages and

functional groups believed to occur in lignin.

Figure 7. Tentative representation of a softwood lignin

1.5 Lignin-car bohydrate complexes (L CCs)

As mentioned in the previous section, lignin doesaxist in plant tissue as an
independent entity but it is bonded with other podys forming complexes
with them. Lignin is always associated with henlideses, not only as
physical admixtures, but through covalent boridg.(This type of association
represents the so-called lignin—carbohydrate coxeglLCCs). Because of
these associations, it is practically impossibleextract lignins in pure form.
The diverse and complex nature of lignin monomensl &emicellulosic

moieties in ligno-hemicellulosic bonds make steypiat conceptualizations of

secondary cell wall structures for all plants extedy difficult. For this reason,
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a general distinction between wood and grasses Lfé@sires is broadly
accepted.

The lignin—carbohydrate complexes were first ex@g@ovith hot water from

poplar wood in 1953. After this work, a wide rangk organic solvents,

alkaline solutions and enzymes were used.

Lignin and carbohydrates in wood are attached oh @ther via benzyl ether,

benzyl ester, and glycosidic type bon@8)((Figure 8).
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Figure 8. Typical LCCs found in woody materials. Left to hitg benzyl ester, benzyl ether,
and glycosidic linkage.

Ester linkages occur between the free carboxy grobimronic acids in
hemicellulose and the benzyl groups in lignin. @dhere present as acetyl side
groups on hemicellulose, and still others occuwket hemicellulose chains.
Alkali-stable ether linkages occurr between thezlgegroups in lignin and the
0O-6 position of the hexoses side chain of glucommanThe direct evidence
for the existence of these LCCs is obtained witldatkve cleavage of benzyl
ether and benzyl ester bonds, reduction, methylati@analysis,
chromatography, spectroscopy and electron micrgs¢2p. LCCs in wood
contain mainly lignin (85%), acetyl groups (3%) acarbohydrates (15%).
These carbohydrates consist mainly of xylose (8G#4), varying amounts of
other sugars such as galactose, glucose, mannoseaninose?).

In herbaceous plants, hydroxycynnamic acids araclatd to lignin and
hemicelluloses via ether and ester bonds as brilgeseen them forming
lignin/phenolics—carbohydrate complex@8,24). Researches, mostly directed
towards the understanding of ligno-hemicellulositkdges in grasses, has
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been performed on a variety of Gramine2®&29). As already discussed, two
types of lignin, namely core and non-core, are antered for this family: the

non-core portion of lignin binds to the hemicelkilfraction of the secondary
cell wall, and the core lignin forms an amorphouatn®. Moreover, core

lignin is bounded to non-core lignin by both esded ether bonds, and non-
core lignin is in turn connected to hemicelluloseiah is hydrogen-bonded to
cellulose. These studies have shown that an estel ¢tonnecting arabinose to
non-core lignin is the major ligno-hemicellulosiakdage in plant secondary

cell walls Eigure9).

Figure 9. Secondary cell wall structure of a typical graSere lignin is presented as a dotted
area embedding hemicellulose and cellulose micritfitnot shown) while individual non-core
components are shown in molecular form bound to iteltulose. Ester bonds between
hemicellulose and non-core lignin are mainly repnésd by linkages between the O-5 position
of arabinose in arabinoxylan and p-coumaric, ferudind diferulic acids. Some of these lignin
monomers, such as ferulic acid, may be so intimassisociated with the hemicellulosic
fraction that they fail to cross-link to lignin.

Ferulic and p-coumaric acids are the major non-tgren monomers that link
hemicellulose and core ligniBQ) although diferulic, sinapic, cinnamic, and p-
hydroxybenzoic acid constituents can also be fodiek phenolic bridge is

attached to lignin via ether bonds and to carbadigdrvia ester bond. In the
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Gramineae, these alkali-labile ester linkages wwgl arabinose predominate
over alkali-stable bonds such as phenyl glycosatid benzylether linkages
(31) found in wood. Because of this difference, hdlthe total phenolics in

herbaceous plants are removed with sodium hydrotigenbient temperature
(32,33).

25



Introduction

References

1. Esau, K. Cell Wall. In: Plant Anatomy; John WileyS&ons, New York, NY
1977, 43-60.

2. Goodwin, T.W.; Mercer, E.l. The Plant Cell Wall.: Introduction to Plant
Biochemistry; Pergamon Press, New York, NY, 19&395.

3. Keegstra, K.; Talmadge, K.W.; Bauer, W.D.; AlbeiigineP. The structure of
plant cell walls Ill. A model of the walls of suspmon-cultured sycamore
cells based on the interconnections of the macrecutdr component®lant
Physiol., 1973, 51, 188-196.

4. Preston, R.D. Polysaccharide Conformation and @&ll Function.Ann.
Rev. Plant Physiol. 1979, 30, 55-78.

5. Theander, O.; Aman, P. Anatomical and Chemical &ttaristics. In: Straw
and Other Fibrous By-Products as Feed; Sundstol,Oen, E. Eds.,
Elsevier, Amsterdam, Holland, 1984, 45-78.

6. Bidlack, J.E., Cell-Wall Components and Lignin Bjinthesis in Forages.
Ph.D. Dissertation, lowa State Univ., Ames, IA, Q99

7. Salisbury, F.B.; Ross, C.W. Plant Physiology andnPICells. In: Plant
Physiology, Wadsworth, Inc., Belmont, CA, 1992,&8-2

8. Henriksson, G.; Lennholm, H. Cellulose and carboate chemistry. In:
Wood Chemistry and Wood Biotechnology; Ek M.; Gedtedt, G.;
Henriksson, G. Eds.; de Gruyter GmbH & Co., Ber?@09, 71-100.

9. Saha, B.C. Hemicellulose bioconversion. J. Ind. rdtol. Biotechnol.
2003, 30, 279-291.

10.Scheller, H.V.; Ulvskov, P. Hemicelluloses. Annue\R Plant Biol. 2010,
61, 263-289.

11.1 Sarkanen, K.V.; Ludwig, C.H. Lignin: Occurrené@®rmation, Structure
and Reactions. Sarkanen K.V.; Ludwig, C.H. Eds.eyihterscience, New
York, NY, 1971.

12.Hahlbrock, K., and Grisebach, H. Enzymatic Contmolthe Biosynthesis of
Lignin and FlavonoidsAnn. Rev. Plant Physiol. 1979, 30, 105-130.

13.Lewis, N.G.,; Yamamoto, E. Lignin: Occurrence, Blogsis and
BiodegradationAnn. Rev. Plant Physiol. 1990, 41, 455-496.

14.Pearl, .LW. The Chemistry of Lignin. Marcel Dekkérc.; New York, NY,
1967.

15.Freudenberg, K.; Neish, A.C. Constitution and Biakgsis of Lignin.
Springer, G.F.; Kleinzeller, A. Eds., Springer-\égyl New York, NY, 1968.

16.Karhunen, P.; Rummakko, P.; Sipila, J.; Brunow,a@d Kilpelainen, I.;
Dibenzodioxocins: a novel type of linkage in softwdignins. Tetrahedron
Letters, 1995, 36 (1), 167-170.

17.Karhunen, P.; Rummakko, P.; Sipila, J.; Brunow,aBd Kilpelainen, I.;
The formation of dibenzodioxocin: structures by dative coupling. A
model for lignin biosynthesisTetrahedron Letters, 1995, 36 (25), 4501-
4504.

26



Introduction

18.Karhunen, P.; Mikkola, J.; Pajunen, A.; Brunow, ©he behavior of
dibenzodioxocin structures during alkaline pulppr@cessesNordic Pulp
and Paper Research Journal, 1999, 14 (2), 123-128.

19.Adler, E. Wood chemistry - past present and fut¥weod Sci. Technol.
1977, 11, 169-218.

20.Watanabe, T. Structural studies on the covalentd$®dretween lignin and
carbohydrate in lignin-carbohydrate complexes bgce oxidation of the
lignin with 2,3-dichloro-5,6-dicyano-1,4-benzoqun® Wood Res., 1989,
76, 59-123.

21.Choi, J.-W.; Faix, O.,. Investigation on residuanins and residual
carbohydrates and the covalent bonds between thenProc. 10th Int.
Symp., Wood Pulp Chem. 1, 1999, 368-373.

22.Koshijima, T.; Watanabe, T. In: Association Betwedmgnin and
Carbohydrates in Wood and Other Plant Tissues. [Tii&. Ed., Springer-
Verlag, Berlin, Germany, 2003.

23.Baucher, M.; Monties, B.; Van Montagu, M.; Boerj&M, Biosynthesis and
genetic engineering of ligniiCrit. Rev. Plant ci., 1998, 17, 125-197.

24.Sun, R.; Tomkinson, J. Comparative study of lignswated by alkali and
ultrasound-assisted alkali extractions from whedtave Ultrason.
Sonochem., 2002, 9 (2), 85-93.

25.Hartley, R.D. p-Coumaric and Ferulic Acid Comporseatf Cell Walls of
Ryegrass and Their Relationships with Lignin andeBtibility. J. Sci. Food
Agric. 1972, 23, 1347-1354.

26.Morrison, I.M., Structural Investigations on the ghin-Carbohydrate
Complexes of Lolium perennBiochem. J. 1974, 139, 197-204.

27.Atsushi, K.; Azuma, J.; Koshijima, T. Lignin-Carbairate Complexes and
Phenolic Acids in BagassHol zforschung, 1984, 38, 141-149.

28.Scalbert, A.; Monties, B.; Lallemand. J.Y.; Guifté&; Rolando, C. Ether
linkage Between Phenolic Acids and Lignin Fractiorem Wheat
Straw.Phytochemistry 1985, 24, 1359-1362.

29.Mueller-Harvey, 1.; Hartley, R.D. Linkage of p-Coamoyl and Feruloyl
Groups to Cell-Wall Polysaccharides of Barley Str@arbohydrate Res.
1986, 148, 71-85.

30.Jung, H.G. Forage Lignins and Their Effects on Fibmgestibility. Agron.
J. 1989, 81, 33-38.

31.Ford, C.W. Borohydride-soluble lignin—carbohydratemplex esters of p-
coumaric acid from the cell walls of a tropical ggaCarbohydr. Res. 1990,
201, 299-310.

32.Chesson, A.; Murison, S.D. Biochemical evaluatibrstoaw as a feedstuff
for ruminants. In: Evaluation of Straw in Rumindf¢eding. Appl. Sci.
Publ., Chenost, M., Reiniger, P. (Eds.), London, U889, 124-133.

27



Introduction

33.Hartley, R.D.; Morrison, W.H. Monomeric and dimenahenolic acids
released from cell walls of grasses by sequentedtment with sodium
hydroxide.J. Sci. Food Agric. 1991, 55, 265-375.

28



Introduction

2. BIOREFINERY

2.1 Basic biorefinery concepts (1)

The markets for bio-based products are expectegtde globally over the
next few years due to four irreversible trendsst-ithe economics of fossil-
based products are deteriorating since conventionale oil resources are
getting scarce. Second is the growing need folonatienergy security and
geopolitical security. Third, public pressure fawvgonmental sustainability
is increasing due to an increasing environmentadramess. Last, but not
least, rapid demographic growth will drive demangpported by rising
economic aspirations of developing countries.

These fundamental trends triggered a vast intémesip-based products and
placed them high on the strategic agenda of mastept in a variety of
industries. In agriculture, for example, new ecoimpportunities will
emerge from the rising demand for biomass. In tiengcals industry, bio-
based innovative products outside the conventipaibleum-based product
family trees will confer an advantage to playersowmanage to find the right
molecules and insert them into existing or new ®akhains. In the
automotive and aviation industries, corporatioreslaoking at biofuels as an
important means to reduce the greenhouse gas enssef their fleets to
comply with regional or national regulations, whilglities are making high
investments in the expansion of their renewablegy@eneration assets, with
biomass coming third after solar and wind investmeDespite the great
relevance of bio-based products for many industriesperts still see
numerous technical, strategic and commercial chgdle that need to be
overcome before any large-scale commercializatibrnthe industry can

succeed.
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2.1.1 Definition

Biorefineries are facilities that convert biomassielogical materials from
living or recently living organisms — into bio-basproducts.

The term “bio-based products” refers to three défifieé product categories:
biofuels (e.g. biodiesel and bioethanol), bio-epdigeat and power) and bio-
based chemicals and materials (e.g. succinic auidpalylactic acid). They
are produced by a biorefinery that integrates themhbss conversion
processes. The biorefinery concept is thus anabgouoday’s petroleum
refineries that produce multiple fuels, power arnmical products from
petroleum. Biorefinery systems generally work bygassing a bio-based
feedstock input to create fuel, chemicals, feep@wver/heat as an output
(Figure 1). Biorefineries thus use a wide variety of differe

inputs/feedstocks and conversion technologies.

Figure 1. The biorefinery concept. Any number of conversioncgesses can take place
within one biorefinery, analogous to today’s ofimery.
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2.1.2 Biomass feedstock
Bio-based products can be manufactured from varieedstocks. However,

at present there is no feedstock or process thaldwmake these a clear

alternative to fossil-based products. There areynwgotions available, each

with advantages and disadvantages. Two categofiésedstock dominate

research: first and second generation.

First-generation products are manufactured fronbledbiomass such as

sugar- rich, starch-rich, and oily plants:

The most common type of biorefinery today uses isumastarch-rich
crops. Sugar-rich crops such as sugar cane stoye Emounts of
saccharose, which can easily be extracted fronpldr@ material for
subsequent fermentation to ethanol or bio-basedniciads. Starch-
rich crops such as corn, wheat and cassava canytielyzed
enzymatically to deliver a sugar solution, whicim cabsequently be
fermented and processed into fuels and chemicals.

Vegetable oil is mainly used for the production mbdiesel by
transesterification. There are two categories: plaat oil and waste
vegetable oil. Pure plant oil stems from dedicatéccrops such as
palm, soybean, rapeseed and sunflower seeds. Wgasté vegetable
oil, for example cooking oil or animal fat, is affeetive method of
recycling our daily wastes; however, it does nesfthement as well
as hydrogenation to become usable biodiesel.

Major issues in relation to first-generation feedg&s are the need for

extensive and dedicated land-use, significant lasel-change and related

sustainability issues.

Fuels derived from sugar- or starch-rich crops asagetable oil are widely

used; however, their use is likely to be most ¢ifecas a supplement to

other energy forms, not as a primary source. Skgemeration products

utilize biomass consisting of the residual non-feadts of current crops or
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other non-food sources, such as perennial grassagae. These are widely

seen as possessing a significantly higher potetialeplace fossil-based

products.

The Jatropha Curcas tree from Central and Southrideneontains
27-40% inedible oil, which can be converted to eedl via
transesterification. An assessmentj.ofircas sustainability reveals a
positive effect on the environment and greehouse @aissions,
provided cultivation occurs on wasteland or degdagi®und.
Micro-algae are a large and diverse group of uhitzel photo- and
hetero-trophic organisms that have attracted maemtgon in recent
years due to their potential value as a renewaisegy source. Focus
has been on storage lipids in the form of triagydgtols, which can
be used to synthesize biodiesel via transestetiditaThe remaining
carbohydrate content can also be converted to Haoet via
fermentation. The advantages of using algae-derifugds as an
alternative are numerous. First, they can provielsvben 10 and 100
times more oil per acre than other second-generabomfuel
feedstock and the resulting oil content of someroaadgae exceeds
80% of the dry weight of algae biomas. They are,daibdegradable,
highly productive, quick to cultivate and simplyuere CQ, sunlight
and water to grow. However, numerous barriers remai be
overcome before the large-scale production of readgae-derived
biofuels can become a commercial reality

Lignocellulosic biomass refers to inedible plant ten@al mainly
composed of cellulose, hemicellulose and ligninsldeemed likely
that this type of second-generation feedstock Wl used for the
production of biofuels and bio-based chemicalshie tuture using
different conversion technologies. However, it isren difficult to

convert lignocellulosic biomass into a usable outpan other types
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of biomass; the main reason for this is that thetqutive shield of
hemicellulose and lignin that surrounds cellulose o be broken
down, which is a highly energy intensive procesvétheless,
cellulosic ethanol is ready for deployment due d¢oent significant
breakthroughs in the enzymatic conversion pro¢2ssOn the pro
side, lignocellulose feedstocks can be derived fraany different
sources, including forestry waste, agricultural t@aspaper and
municipal waste, as well as dedicated energy crepsh as
switchgrass, miscanthus or short-rotation popldrest feedstocks
exclude direct land-use and minimize indirect laisé-change

2.1.3 Conversion platforms

Adapted from the National Renewable Energy LaboyatNREL), a simple

biorefinery concept has been devised that is builthree different platforms

to promote different product routes: the Biocherhitae Thermochemical,

and the Microorganism Platform.

The Biochemical Platformis currently based on biochemical
conversion processes and focuses on the fermantatiosugars
extracted from biomass feedstocks. The productibrbioethanol
requires three main steps: fermentation of the rsughstillation to
remove the bulk of the water and dehydration t¢thienmrremove water
from the remaining azeotropic water/ethanol mixtus¢arch-based
feedstock requires saccharification to produce ésiable sugars.
When using lignocellulosic biomass, feedstock psstey needs to
separate the cellulosic and hemicellulosic matefriain the non-
fermentable lignin, which are strongly bonded bwatent cross-
links. This is usually done mechanically, followeg acid, alkal
and/or steam treatment. While the lignin is culgeninostly

combusted to deliver energy, the cellulosic and ibellosic
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components are hydrolyzed enzymatically to delsggar solutions,
followed by fermentation.

The Thermochemical Platforis currently based on thermochemical
conversion processes and focuses on the gasificatiobiomass
feedstocks and resulting by-products. Where gadifin of
carbonaceous materials is widely used (e.g. sypgaguction from
coal), gasification of lignocellulosic biomass isllsa developing
technology.

Algae biofuels occupy a third Microorganism Platfior where
cultivation and extraction occur on the same dftkotobioreactors
provide a greater oil yield per hectare due tortheher volumetric
biomass productivity. In addition to oils, micraggal biomass
contains significant quantities of proteins, canmbiates and other
nutrients. A micro-algal biorefinery can simultansly produce
biodiesel, animal feed, biogas and electrical powlre cost of
producing micro-algal biodiesel can be reduced taumbiglly by using
a biorefinery based production strategy, improvoapabilities of
micro-algae through genetic engineering, desigmegv synthetic

microorganisms and advances in engineering of [inateactors J).

2.2 Conversion of lignocellulosic biomass (4)

lignocellulose biorefineries, biological convers of lignocellulose

generally has three main steps:

(1) lignocellulose pretreatment, which converts ridealcitrant lignocellulose

structure to reactive cellulosic intermediates;

(2) enzymatic cellulose hydrolysis, by which cedkgs hydrolyze reactive

intermediates to fermentable sugars (e.g., glucose)

(3) fermentation, which produces cellulosic ethamol other bio-based

chemicals (e.qg., lactic acid, succinic acid).

34



Introduction

2.2.1 Factors affecting the saccharification yield

Because lignocellulose is water insoluble, the roggeneous reactions
involved in biomass conversion processes requirectdiphysical contact
between enzymes and substrates (i.e., cellulose la@ahicellulose).
Mechanical pretreatments are always necessary ftoanee biomass
digestibility by reducing particle size and pattiatlisgregating the highly
organized and cemented structure of lignocellulbsea number of different
chemical and physical structural features have beeognized as crucial for
the yield in enzymatic saccharification as welleTihterference of cellulose
crystallinity, its accessible surface area, anditigcontent on the enzymatic
digestion is among the most studied and debatee,isoowever the role of
other lignocellulose constituents, such as hemitades, lignin-carbohydrate
complexes, and ashes has been recently deemdéamteas well.

* Cellulose. The cellulose microfibrils have both staefline and
amorphous regions. The major part of cellulose Uado2/3 of the
total cellulose) is in the crystalline form. It walBown that cellulase
readily hydrolyzes the more accessible amorphoustiopo of
cellulose, while the enzyme is not so effectivedegrading the less
accessible crystalline portion. It is therefore exted that high-
crystallinity cellulose will be more resistant tozgmatic hydrolysis,
and it is widely accepted that decreasing the ahysity increases the
digestibility of lignocellulosess). However, this is not the only factor
in effective enzymatic hydrolysis of these matearigince other
features as the polymerization degree, the porenve] and the
surface area play an important role.

* Lignin. Cellulose and hemicellulose are cementegttizer by lignin.
Lignin is responsible for integrity, structural idgy, and prevention
of swelling of lignocelluloses. Thus, lignin contesend distribution

constitute the most recognized factor which is oesgble for the
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recalcitrance of lignocellulosic materials to enagim degradation by
limiting the enzyme accessibility; therefore the ligtefication
processes can improve the rate and extent of erieymalrolysis 6).
However, in most delignification methods, partloé hemicellulose is
also hydrolyzed, and hence the delignification doasshow the sole
effect of lignin. Several mechanisms have been estgd about how
lignin limits enzymatic hydrolysis:

1- steric hindrance caused by lignin-polysacchalinleages (LCCs)
that limit access of fibrolytic enzymes to speciftarbohydrate
moieties. For example, the degradation rate ofrxidasaid to depend
on the number and location of side branches and tignin
associations.

2- lignin as a hydrophobic filler that displacesteran the cell wall
matrix. As a result of the hydrophobicity of lignimvater cannot
approach internal polymers of the cell wall. Hentlee action of
hydrophilic enzymes may be limited by this hydropico
environment.

3- adsorption of enzymes, which increases the ftmpbut decreases
the effects, and toxic effects to the enzymes forpke phenolic
compounds.

Hemicellulose. Hemicellulose removal substantiallgnhances
cellulose digestion despite of high lignin conténB). It is believed
that hemicellulose in biomass blocks the contaictcallulolytic
enzymes with cellulose by adsorbing enzyme and hysipally
blocking access of the cellulase to the cellulogdase 0). As a
result, hemicellulose removal alone can increasestirface area and
the pore volume making cellulose more accessibtelialase.
Cellulose accessible surface area. Several sthdis shown a good

correlation between the pore volume and the enzgndagestibility
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of lignocellulosic materials. The main reason toe timprovement in
enzymatic hydrolysis by removing lignin and henlidelse is related
to the cellulose accessible surface area. Theteffiethis area may
correlate with crystallinity or lignin protectionr ohemicellulose
presentation or all of theni@). The first part of enzymatic hydrolysis
consists of: adsorption of cellulase enzymes framid phase onto
the surface of cellulose (solid), biodegradatiorcetfulose to simple
sugars, mainly cellobiose and oligomers, and déisorpf cellulase
to the liquid phase. Thus, the reaction is a hgemeous catalytic
reaction and direct physical contact between thilgec enzymes
and cellulose is a prerequisite for enzymatic hlydie. As a result,
the accessibile surface area in lignocellulosic emat and its
interaction with the enzymes can be limiting in wnatic hydrolysis
(5,11,12).

* Lignin-carbohydrate complexes (LCCs). Lignin andmieelluloses
are always covalently associated in lignocellulobiomass. The
advantages in the removal of LCAS) are stricly related to those of
lignin and hemicellulose removal, already discussed

* Ashes. Large ashes content is counterproductivehé& enzymes
activity. Ashes may adhere to cellulose chainsldimg the substrate
from the approaching enzyme.

It is clear that effectively overcoming the rectlmmce structure of
lignocellulose and releasing the locked polysaddearis one of the most
important and urgent R&D priorities for the emergibiofuel and biobased
product industry, because lignocellulose pretreatme among the most
costly steps and has a major influence on the afsboth prior operation
(i.e., lignocellulose particle size reduction) asubsequent operations (e.g.,

enzymatic hydrolysis and fermentation).
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2.2.2 Lignocellul ose biomass pretreatment

The efficient, cost-effective depolymerization aflysaccharides in biomass
to monosaccharides remains a key challenge in tilization of this
bioresource for fermentation to ethanol. To dafiectve utilization through
biological routes is predicated on pretreatmentnetogies that can reduce
lignocellulose recalcitrance. The objective of peating lignocellulosics is to
alter the structure of biomass and to make theilosik and hemicelluloses
more accessibile and amenable to hydrolytic enzyi®s The lignin shield
and the crystalline structure of cellulose haveéb¢éobroken to increase the
accessibility and porosity of cellulose. Effectipestreatment technologies
need to address several important criteria, inolgidiminimization of
hemicellulose degradation products, limiting thenfation of by-products
that inhibit ethanol fermentation, reducing enengyter use and lowering
environmental impacts, capital and operating coStsme of the most
promising pretreatments include steam explosion, Wwetter/auto-catalyzed
pretreatment, dilute acid, aqueous lime or NaOHrgatment, ammonia, and
organosolv pretreatment.

» Steam explosion involves rapidly heating biomasshvdteam at
elevated temperatures (190-240 °C) with residenceest of 3-8
minutes followed by explosive decompression. Thisatinent
promotes hemicellulose hydrolysis and opens up plent cell
structure, although enhanced digestibility of delbe is only weakly
correlated with the physical effectE5(16).

 Hot water or auto-catalyzed pretreatment can resulextensive
hemicellulose hydrolysis but high residual ligniontent in biomass
reduces subsequent cellulase hydrolysig).( The generation of
furfural and 5-hydroxymethyl furfural has been mgpd to be

detrimental to subsequent fermentation operations.
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* Dilute acid pretreatment has been extensively stu@nd typically
employs 0.4-2% bBO, at temperatures of 160-220 °C to remove
hemicelluloses and enhance cellulase digestioelbflose (8, 19).

* Aqueous lime or NaOH pretreatment has been shovire teffective
for wheat straw and sugarcane bagasse at loweretatopes than
acid treatments; however, the treatment timesraseme cases on the
order of hours Z0). The use of an alkaline treatment also incurs
additional capital cost, as the recovery of satgires a lime kiln to
regenerate the base.

« Ammonia pretreatment involves pretreating biomaghk an aqueous
ammonia solution causing depolymerization and egavof lignin—
carbohydrate bonds. Agricultural residues and lwtias plants
treated in this manner exhibit an excellent respdnscellulase 41,
22). However, woody biomass is often not efficierttlgated by this
technology, and in all cases, ammonia recoveryniadditional cost
and an important consideration.

e Organosolv pretreatment of biomass resides on gkeotian organic
solvent system23-26) with enhanced lignin solubilizing properties.
Usually, the resultant cellulosic fraction is highsusceptible to
enzymatic hydrolysis, generating very high yieldiglocose that can
be readily converted to ethanol.

lonic liquid pretreatment has recently emerged aslaable alternative to
traditional pretreatments strategisse(section 3.4). Once the ionic liquid has
dissolved the lignocellulose biomass into its congs, the subsequent
addition of an anti-solvent, such as water or etharesults in the sugars
being precipitated out while a fairly large fractiof the lignin remains in
solution. The resulting regenerated cellulose daentbe separated by
filtration or centrifugation while the ionic liquidan be recovered through
distillation of the antisolvent. The recovery ofio liquids still requires
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much more research, although studies on biphasiersg in regards to the
recovery have already been performed. The regatkraliulose can differ
from the native cellulose in both the macro- androstructure while the
degree of crystallinity can be changed due to tlenges in the regeneration
conditions. Most important, the regenerated cefleldemonstrated improved
enzymatic hydrolysis kinetic7).

After pretreatment, the remaining pretreated maltésireacted with cellulase
to hydrolyze cellulose to glucose, which is themfented to ethanol. An
important consideration during the hydrolysis psses to minimize
formation of compounds that inhibit the fermentati®8). The nature,
composition, and concentration of these compoumdsdapendent on the
hydrolysis conditions and have a profound influemce the fermentation
production rate of biofuels from the hydrolyzateor Foptimal process
economics, all available sugars need to be coryette biofuel. The
microorganisms that are able to ferment sugarghi@nel can be either yeasts
or bacteria. Over the past decades, new methodsialecular biology,
protein chemistry and genetic engineering havetdedn increasing number
of new strains, exhibiting improved characteristics ferment the full

spectrum of sugars available in hydrolyza@3 80).

2.2.3 Lignin side stream

Most biomass pretreatments release some simple rssugam the
hemicelluloses, which are directly fermented tcaath. The pretreated solid
material is reacted with cellulase to hydrolyzduete to glucose, which is
then fermented to ethanoBl). Regardless of the exact bioprocessing
technology employed, almost all biological procegsplatforms for the
conversion of plant polysaccharides to bioethaaslilt in the formation of a
vast lignin process strean3?). This material is frequently utilized as an

energy source for power generation, in part bectuse are few efficient
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chemical conversion processes available that camvecd lignin into
transportation biofuels or higher value chemicabsttates. Although a
fraction (nearly 40%) of the dried lignin-rich sblistream after ethanol
production is necessary to meet the thermal reogings of bioethanol
production, which includes pretreatment and ethatistillation @33, 34),
modern biological cellulosic processing plants widlve almost 60% excess
of lignin that could be utilized as a feedstock mogasoline/green diesel
and/or green chemicals, thus offering a signifiagoportunity for enhancing
the operation of a lignocellulosic biorefinery.

With currently available technologies, it is ofteot readily feasible to purify
the fermentation residue to a form suitable forpghaduction of lignin-based
biomaterials. 1t should be noted that among currgmetreatment
technologies, the organosolv pretreatment prodacesatively pure lignin
stream as a by-product, which can be convertedidmdierials. For most
other acidic pretreatments, which do not extragifi during pretreatment,

the conversion of the residue to liquid fuels isgently a more viable option

2.3 lonicliquidsin lignocellulose chemistry
The crystalline structure of cellulose and the éhdenensional lignin
network that binds lignocellulosic components tbgetmakes it practically
impossible to dissolve lignocellulosic materials timeir native form in
conventional molecular solvents. Thus, it is impott to find a non-
derivatizing solvent to provide efficient dissotuti and stability to varius
reagent in order to achieve a homogeneous reaetiemonment to preserve
the native structure of lignocellulose. lonic lidsi(ILs) have arisen as such
solvent. They are defined as organic salts that fmeow 100°C entirely
composed of ions, typically large organic cationd amall inorganic anions.
Compared with conventional molecular solvents, thayit no volatile

compounds to pollute the atmosphere and their ptiegecan be tuned to
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match the end use application by varying anions atobns 85,36). They
are therefore considered as a potential altern&tivgreen chemistry3y). In
recent years, there have been lots of reports ssoldition of cellulose in ILs
and its application 38,39), but solubilization of native lignocellulosic
materials is far more complicated due to their clexstructure from the
three-dimensional lignin network. In ILs, both ttegtion and the anion of the
salt play a crucial role in the dissolution of lagellulose. Kilpelainen et al.
(40) pointed out that wood dissolution in ILs is nofyneeded to disrupt the
H-binding interactions present in crystalline cklke but also to solvate the
aromatic character of lignin by means of aromatic interaction. The most
promising cations are butyl or allyl derivativesiofidazolium salts whose
electronrich aromatict-system creates stronger interactions for polymers
which undergoeg-n stacking i.e., lignin. Counter chloride anions,endes,
are usually the most effective in disrupting theeasive inter- and intra-
molecular H-bonding interactions mainly presenthia cellulosic fraction of
the material 41-43) allowing the IL to diffuse into the interior cang the

swelling to disruption of hydrogen bonding betweeiulose fibrils and

50 min 2h

lignin (Figure 2).

Figure 2 (44). Fluorescence images of a stem of switchgrassetteaiith ionic liquid
([emim]Ac). Left to right: the section before tremnt, 20 minutes after treatment, 50
minutes after treatment, and two hours after treatmThe organized plant cell wall
structure has been completely broken down.

2.3.1 lonic liquidsin the pretreatment and characterization of lignocellulose
As a result of the complex and elusive nature @& itteractions of the

various lignocellulose components, traditional istties utilizing wood as a
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renewable resource have resorted to selective diggpa of one or more
components, usually lignin, for the production afher value purified
materials such as wood pulp (for paper) or celkilo&s the connectivity
between the individual plant components (cellulosemicelluloses and
lignin) is crucial for their structural integritydevelopment of novel
fractionation processes for the complete utilizataf woody materials as
renewable resources requires detailed structuralysis to thoroughly
characterize the material, including revealing itetaf the connectivity
between components.
Dissolution in ILs has definitely opened an entimew perspective in
lignocellulosic research and its efficient utiliat in the following topics:

» Analysis of biomass components and structure

» Pretreatment of biomass wastes for the productibncheemical

feedstocks and biofuels

» Extraction of cellulose from agro-industrial wastes

A\

Preparation of biomasses derivatives and composites

» Production of valuable chemicals such as vaniliemulic acid and

lignans

With regard to the analysis of biomass components siructure, ILs can
provide a homogenous reaction medium for both wgssed lignocellulose
and its fractionation products. Highly substitutigghocellulosic esters can be
obtained under mild conditions by reacting the diggllulose dissolved in
ionic liquid with a number of reactives in the pese of pyridineAs a
result, the functionalized material develops an amgkd solubility in
molecular solvents, allowing a complete charac#ion by means of
spectroscopic and chromatographic techniques.
Biomass pretreatment and fractionation represangjr challenge as well
as an essential need in the efficient conversidigonbcellulose into biofuels

and chemicals. Because of its natural compositectsire, lignocellulose
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must be pretreated prior to addition of hydrolytenzymes for
saccharification of cellulose or hemicelluloses,yadds are otherwise too
low (45). These pretreatments can be mechanical, chertheamochemical,
and/or biological in nature, and currently représsame of the most costly
steps in the lignocellulosic biorefining process.

The pretreatment of lignocellulose with a varietyamic liquids produced an
enhancement of cellulase saccharification yields lolnth to the extraction of
lignin (46) and the dissolution of cellulose microfibrii47). Once the ionic
liquid had dissolved the lignocellulose biomassoiitls components, the
subsequent addition of an anti-solvent, such asmat ethanol48), results
in the sugars being regenerated and precipitatédwbile a fairly large
fraction of the lignin remains in solution. The eegrated cellulose has
almost the same degree of polymerization and pspgisity as the initial
one, but its morphology is significantly changed &s microfibrils are fused
into a relatively homogeneous macrostructure. Bynging the regeneration
process, the regenerated cellulose can be in & mingtructural forms, such
as powder, fiber and film. The regeneration progegsdso have an impact on
the regenerated cellulose microstructure. The @egfecrystallinity of the
cellulose can be modified during its regeneratioml @ahe cellulose with
micro-crystallinity varying from amorphous to crgiine can be obtained
under different regeneration conditions. The inseeaf the cellulose surface
area accessible to water, which in turn providesemexposed enzyme
binding sitesyesults in greater accessibility of the polysacidgachains to
cellulases, and thus more facile hydrolysi$is confirms that the ionic
liquid pretreatment effectively disrupts the redadmce of the lignocellulose
biomass and helps liberate the fermentable sutppcemparison to untreated
biomass, ionic liquid pretreated biomass produedisilose that is efficiently
hydrolyzed with commercial cellulase cocktail amdyides sugar yields over

a relatively short time interval.
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2.4 Biocomposites (49-51)
A biocomposite is a material formed by a matrix adeinforcement of
natural fibers. Polymer blending quite often iseywconvenient industrial
process since it provides tailoredmade materialduding any synthetic

stage.

2.4.1 Lignocellulose-based fillers

Natural fibers have been used to reinforce mateffial over 3,000 years.
Significant examples include the use of reinforamgd walls in houses with
bamboo shoots, glued laminated wood by EgyptiansOQ1BC) and
laminated metals in the forging of swords (1800 ADlore recently they
have been employed in combination with plasticgeagewable and cheap
reinforcement for composite materials.

Many types of natural fibers have been investigdi®duse in plastics
including flax, hemp, jute, straw, wood fiber, ricasks, wheat, barley, oats,
rye, cane (sugar and bamboo), grass reeds, kemaig,roil palm empty fruit
bunch, sisal, etdt is worth noticing that plant fibers are compesmaterials
themselves, designed by nature. The fibers aredibsia rigid, crystalline
cellulose microfibril reinforced by an amorphougnin/hemicellulose matrix.
The properties of the constituents contribute ® akierall properties of the
fiber. Hemicellulose is responsible for the biodetsation, microabsorption
and thermal degradation of the fiber as it shoveslélast resistance, whereas
lignin is thermally stable but prone to UV degraolat The percentage
composition of each of these components varieslifegrent fibers. The cell
wall of the fibers undergoes pyrolysis with incriegsprocessing temperature
and contributes to char formation. These charrgdréahelp to insulate the
lignocellulose from further thermal degradation.

Lignin is one of the most abundant naturally odagripolymers and is often

obtained as a byproduct in the industry. Most akiburned as an energy
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source, but there are some other potential usesligmin, including
applications as a filler, as a prepolymer, and asueleating agent for
poly(hydroxyalkanoates), PHA. Lignin powder witimdi particle size meets
several requirements as a nucleating agent inithaissesses many polar
functional groups that can interact with PHA candogroups and it has no
melting point with a high glass-transition temparat

The use of natural fiber for the reinforcement ofmposites has received
increasing attention both by the academic sectdrthe industry because of
their advantages over other established matefi&lgy are environmentally
friendly, fully biodegradable, abundantly availgbkenewable, cheap and
have low density. Plant fibers are light comparedlass, carbon and aramid
fibers. The biodegradability of plant fibers canntidute to a healthy
ecosystem while their low cost and high performafudfls the economic
interest of industry. When natural fiber-reinforcgldstics are subjected, at
the end of their life cycle, to combustion processlandfill, the released
amount of CQof the fibers is neutral with respect to the askitad amount
during their growth.

Natural fiber-reinforced plastics, if biodegradalpelymers are used as
matrices, are the most environmental friendly mal®rwhich can be

composed at the end of their life cycle.

2.4.2 Poly(3-hydroxybutyrate) (PHB)

Poly(3-hydroxybutyrate), PHB, is a member of théyfioydroxyalkanoates)

family, PHA. It is an environmental friendly badtrpolyester behaving as
conventional thermoplastic materials that was fgetated and characterized
in 1925. PHB is produced by microorganisms as anfof energy storage
molecule to be metabolized when other common ensmyces are not

available. The most advantageous characteristichd material is its
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biocompatibility and biodegradability, presentingcrobial degradation in

climatic/landscapes environmental.

Figure 3. Microbial biosynthesis of PHB starts with the cendation of two molecules
of acetyl-CoA to give acetoacetyl-CoA which is sedpsently reduced to hydroxybutyryl-
CoA. This latter compound is then used as a mondoongolymerize PHB.

PHB tends to be more brittle than conventional rtiggalastics, limiting its
fields of application, even though mechanical progs of this biodegradable
material can be compared with those of the comrakyaised thermoplastic
isopolypropylene. Other drawbacks of PHB, besidegility, are thermal
degradability at temperatures near to the rangthefmelting point (| =
175°C). Indeed, above 170 °C this polyester und=ga decrease of
molecular weight proportional to the time. The neubm of the thermal
degradation follows a random scission at the egpteups according to B
hydrogen elimination.

PHB homopolymer also crystallizes slowly when i®led down from the
melting temperature and consequentially it suffeosn an increase of the
embrittlement when is subjected to an aging proCHss storage at or above
room temperature induces in the polymer a logaiithnmcrease in
crystallinity with time. PHB also suffers of scanogpact resistance due both
to its relatively high glass transition temperatufg, = 9°C) and its
characteristic to form very large spherulitBecause bacterially synthesized
PHB is a completely isotactic stereoregular polest has a high tendency

to crystallize. However, the nucleation densitypatterial PHB is too low to
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initiate efficient crystallization. As a result,firms spherulites of extremely
large size. The large-size spherulite and secondaystallization promote
interspherulitic cracking during storage of theymoér at room temperature,
which is commonly known to impair the mechanicabpmrties of the
materials.

These disadvantageous properties, along with gis price, limit widely the
application of PHB.Many studies have been devoted to modifying the
brittleness of PHB. Copolymerization and blending ased as common
methods to overcome the brittleness of PHB. Espgcialending of PHB
with other compatible polymers of either synthetic natural originmay
occur in diverse advantages to the composite:

« they can decrease of the melting temperature opthgmer, which
imply the possibility to process the material aivéo temperature,
avoiding or limiting its thermal degradation;

» they can improve the physico-mechanical propeegea consequence
of the establishment of intermolecular interactjons

« they can act as nucleating agents, affecting thestaltization
processes and thus improving the mechanical pliepeuf the

material.
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3. ARCHAEOLOGICAL WATERLOGGED WOODS

3.1 Changesthrough deterioration in the constituent components of
wood cell walls
The study of archaeological woods is to date fowysin increasing interest
due to a novel awareness of the relevance of therization of cultural
heritage. As broadly discussed in section 2, calllsvof wood are mainly
composed of cellulose, hemicelluloses and lignilms.addition, several
percent of ash and extractives are included.
In the constituent analysis of wood, when lignisédectively removed, what
is obtained is holocellulose. Holocellulose cantl@ught of as the total of
cellulose and all hemicelluloses and representsptiigsaccharide fraction
that is easily decomposed and metabolized by wobdemgi. While the
wood is buried under the ground, the holocelluldse considerably
decomposed and tends to disappear. In contrastetpdlysaccharides, the
guantitative decomposition and disappearance ainigs substantially less,
and as a result its content increases relativalyetent wood, holocellulose
content is about 70% and lignin content is abo@b 3 excavated wood, the
holocellulose content drops to about 20% whileihigncreases relatively to
about 80%. Although the quantitative decrease illsitis clear that lignin
actually decomposes and decreases under the ground.
Archaeological waterlogged woods are actually icompletely different
state if compared to archaeological woods excavatedty environments.
Under favorable conditions of low temperature aod loxygen, wooden
artefacts can survive underwater in a surprisingyod condition, as
happened in the case of the Vasa ship conservéleinVasa Museum in
Stockholm (Sweden)1(2), or for the Roman and Etruscan shipwrecks
recovered in the San Rossore harbor in Pisa (I{8yMWhen the structure of
waterlogged woods is observed under a microscdpean be seen to be
surprisingly well preserved. Regardless of the wuitgl decomposition and
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disappearance of constituents of the cell walls, structural characteristics
are well enough preserved that the type of wood lmandentified. This
reflects the fact that the components of the celll wave decomposed and
lisciviated away without changing the size of tledl gvall itself. New voids
are formed in the parts of the cell wall where comgnts have disappeared,
immediately filled by water that provides a powéidid to the maintenance
of the original wood shape.

Nevertheless, it has been shown that bacterialoatysdegrade waterlogged
wood even under near anoxic conditions eroding Ipaihe cellulosic
components as source of nutriendy. (As a consequence, expensive and
technically difficult consolidation treatments anequired. Therefore,
chemical characterization of waterlogged archaeo&bgwood is of
fundamental importance not only for understandirgdegradation processes
of wood in archaeological objects but also in thevalopment of

consolidation and conservation procedures.

3.2 Diagnostic and related opportunitieswith ionic liquids

In degraded wood the content of cellulose is gelyevary low compared to
lignin, especially after long exposure to wet eomments. Due to the almost
complete loss of cellulosic components, the cheimiteracterization of
lignin is an aspect of primary importance in thagiosis and conservation of
waterlogged wood artefacts.

Traditionally, lignin contents are determined by thtandard Klason UV
lignin content method5). This involves extensive chemical modification of
the lignocellulosic substrate and provides no s$tma¢ information. Gel
permeation chromatography (GPC) is useful to deffreemolecular weight
distribution and related molecular weight indexdsresidual lignin but,
again, no chemical features are elucidated by tkshnique. Further

information about specific lignin structures hagmerovided by the advent
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of *H-NMR, although the limited ppm range causes aifsagmt overlap of
signals 6). *C-NMR offers a wider ppm range and resolution betwe
individual polymer backbone resonanceg). ( Nevertheless, the low
sensitivity of the'*C nuclei often requires some extent of compromise o
acquisition conditions to achieve adequate seitsitivreducing the
quantitative viability of the analysis. Two- andeh-dimensionatH and**C
NMR have emerged as powerful tools in the eluattatf lignin structure,
especially in regard to phenylpropanoids units antkrunit linkages.
However, one major drawback of multidimensional hteques is the
reduction in quantitivity.

In the last few years, the use of phosphorus-coimigiderivatizing reagents
for lignin analysis has grown in importand&).(Phosphorus-31 is a nucleus
that is 100% naturally abundant. The sensitivitpdfP-NMR experiment is
only 15 times less than that of a proton NMR experit and the range 8P
chemical shifts is more than 1000 ppm. Various sypEeorganophosphorus
compounds give signals within narrow ranges, charestic of the oxidation
state of the phosphorus nuclei. Al of these facimake*'P-NMR an ideal
tool in the study of labile groups in lignin.

On the other hand, the studies dealing with thdyarsaof intact ancient
wood have been mainly focused on the use of scgralectron microscopy
(SEM), FT-IR spectroscopy, pyrolysis GC-MS spectetm (PY/GC/MS) of
volatile wood extractives and X-ray diffraction. [dEof wood allows the
identification of the nature of microbiological aftathat occurred by the
characterization of the different morphological i@dteristics of the residual
cell walls ©). FT-IR spectroscopy with the aid of deuterium lexuge
method allows to clarify the ageing process of aedhogical wood as a
change in the state of order on a macromolecutactstral level 10). X-ray
diffraction is a technique that can identify theggnce of heteroatoms. It was

applied at the determination of sulfates and sdighiand sulfur accumulated
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in waterlogged wood1(l). GC-MS pyrolysis allows the identification of
volatile species after thermal degradation in amtoreood (2—14. However,
these techniques are not able to elucidate the ichemstructure of intact
wood, which in turn means the characterizationrofimaltered lignin.

At present GPC, 2D-HSQC-NMR, aritP-NMR are the only experimental
techniques that enable to gain detailed informatinrthe chemical structure
of native lignin, by analyzing the whole lignocétise sample after a suitable
dissolution and functionalization in an ionic ligunedia.

The following paragraphs describe the basic adwanoe each of the
aforementioned analytical techniques.

3.2.1 GPC

Gel permeation chromatography is a commonly usethadeof measuring

the size of macromolecules. Depending on their, silemacromolecules can
diffuse in varying proportions into the porous gel.

To break the highly organized structure of ligntdeke down to analyzable
fractions, bonds must be broken, and random saisditinkages will lead to

a wide range of molecular sizes. It is typical sflated lignin samples to be
very polydisperse, and the measured molecular iinge is very much

dependent on the isolation procedure.

An important limitation of the study of wood polynses that properties such
as molecular mass and molecular shape have beestigated almost

exclusively with isolated samples, and these charatics of the wood

polymers in situ can be deduced only by inference.

Among other advantages, solubilization in ioniculds opened new

perspectives in the chromatographic study of ndigreocellulosic materials

(15). A novel approach, reported by Zoia et dl6)( is based on the
dissolution of the ball-milled samples in the ionlguid 1-allyl-3-

methylimidazolium chloride, [amim]CI, and their fttionalization. During
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this procedure, essentially all lignocellulose loygt groups (from both
polysaccharides and lignin) are functionalized eszoyl esters, facilitating
the visualization of all components by GPC with Whtection. Using
comparative GPC analyses of benzoylated intact werudl correspondent
benzoylated holocellulose and lignin fractions, ist possible to obtain
valuable information on the molecular weight dlstitions and, in particular,

arrive at information pertaining to the elusivenligrcarbohydrate linkages.

3.2.2 2D-HSQC-NMR

2D-NMR provides information about the structure dhe whole
macromolecole and is a powerful tool for ligninustural characterization,
particularly in the identification of different usiand in the unambiguous
demonstration of their presencd7(21). Heteronuclear single quantum
coherence (HSQC) NMR spectra of lignin show thesgians corresponding
to aliphatic, side-chain, and aromati€-*H correlations. The aliphatic (non-
oxygenated) region includes signals with no stmadtunformation. The
aliphatic side chain region yields information abthe relative abundance of
interunit linkages in the whole polymer. Side clsaabsorbances show for all
lignins a predominance @§fO-4 ether linkages (66-72% of total side-chains),
followed by B-B resinol-type linkages (16-19%) and lower amourft$-6
phenylcoumaran-type (3-7%) arfil spirodienone-type linkages (1-4%).
Aromatic regions of the HSQC spectra highlight thBerences in the p-
hydroxyphenyl, guaiacyl, syringyl and related moeesndistributions in the
lignins. Simple guaiacyl : syringyl (G : S) and eve-hydroxyphenyl :
guaiacyl : syringyl (H :G: S) integral ratios cae lobtained readily by
integrating the contours.

Polymer isolation approaches at best fractionatepthlymer of interest, not
always representatively, and at worst alter thdymer. It is clear how a

structural analysis to thoroughly characterize thmaterial, including
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revealing details of the connectivity between congds, would be of
considerable use in the elucidation of the compleda elusive nature of the
interactions among the various wood components.efRea@advances in
dissolution of cell wall materials, even if currgnstill limited to severely
ball-milled walls, have allowed fractionated wallsbe examined without the
need for component isolation. Most of nowadays Kedge about 2D-NMR
analysis of intact cell wall should be ascribedthe pioneristic work by
Ralph et al. Z2-26. Solution-state NMR techniques, coupled with
appropriate dissolution or gelling solvents (DMSgNdmethylimidazole-¢
DMSO-ds/pyridine-ds) have been proven to be powerful tools for
characterizing lignocellulosic biomass without theed for isolation and
purification of individual components. The increl@ilcomplexity of the cell
wall naturally results in complex spectra, but tensiderable dispersion
provided by 2D-NMR methods, such &C—'H correlation spectroscopy,
allows for at least some key resonances from méanlgeocomponents to be

sufficiently resolved to allow substantive interatéon.

3.2.3°'P-NMR

Early works orf’P-NMR of lignin preparations focused on the phosphes
produced after derivatization of hydroxyl groupsthwi2-chloro-1,3,2-
dioxaphospholane. In a series of paper by Argyrtgsoat al.(27,28,29 the
potential of this technique was evaluated by ingasing a large variety of
model compounds with structures likely to occurlignins. This research
showed that the technique could distinguish noy snime forms of phenolic
hydroxyls but also primary and secondary aliph&fydroxyls and erythro-
and threo-forms of-O-4 structures. However, signal overlap between th
syringyl phenolic structures and those belongingctmdensed phenolic
groups limited its capacity for distinction and aate determination of these

moieties. Another phosphitylation reagent was tleweloped: 2-chloro-
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4,4,5,5-tetramethyl-1,3,2-dioxaphospholane, whichaswfound to be
particularly good at resolving this region at thgense of fine resolution
between primary and secondary aliphatic hydrox@6).( The *P-NMR
signals were now well resolved for the free phenbiydroxyls belonging to
guaiacyl (G, originating from coniferyl alcohol mamer), syringyl (S,
originating from the sinapyl alcohol monomer orulete), p-hydroxyphenyl
(H, originating from p-coumaryl alcohol monomerpcoumarate), and most
C5 and C6 related condensed phenolic forms. Intiaddisignals due to
carboxylic acids were well separated from all otsignals, allowing a direct
access to this important information related to fhbedamental changes
occurring within lignins under oxidative condition@81). Background
informations about'P spin-lattice and spin-spin relaxation behaviofir o
phosphitylated lignin were then used to designgeemental protocol for
obtaining quantitativé'P-NMR spectra3?2). As a result, the phosphitylated
hydroxyls in lignin can be quantitatively assesagdinst an internal standard
(endo-N-hydroxy-5-norbornene-2,3-dicarboximide) odaestrating adequate
stability and satisfactory resolution from othegnlocellulosic functionality
regions, in thé’P-NMR spectra after phosphitylation.

Although this provides an expedient technique lier determination of lignin
functionalities in purified lignins, the insoluliyi of wood in traditional
molecular solvents does not allow for quantificatioof hydroxyl
functionalities from fully representative and pdtelty artifact free native
lignin, in minimally treated lignocellulose samplékhis requires a solvent
capable of solvating the carbohydrate portion & shmples in addition to
the lignin. These characteristics were met by treciliquids. lonic liquids
such as [amim]CIl and [bnmim]CI have been shownissalve wood to such
a state that it can be chemically modifi@B,( 34. With the appropriate
conditions determined for formation and solubiliaatof the lignin phosphite

esters, this technique can now be applied to wdbd (
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4. ANNUAL PLANTS: CHARACTERIZATION AND LIGNIN-
CARBOHYDRATE COMPLEXESDETECTION (1)

4.1 Background, objectives, and strategies
Traditionally, two types of materials are regardedrenewable feedstock:
woody-based biomass and agricultural biomass. Ilrente years,
lignocellulosic biomass from agricultural residuasd herbaceous energy
crops are under intense investigation due to itaiahrenewability and large
annual biomass stock)( As replacement for fossil fuels, lignocellulosic
biomass, especially from herbaceous plants, rept®sa promising
alternative for the production of biofuels due t® maturally high content of
fermentable reducing sugaf 4).
Lignocellulose is an extremely structurated natw@inposite made up of
three main biopolymers: cellulose, hemicellulosed dignin. Cellulose
consists of linear chains §{1-4) linked D-glucopyranose units which, when
found in cell wall, is difficult to break down intglucose because of its
extensive H-bonded network and highly organizedstatiine structure.
Hemicellulose is a carbohydrate heteropolymer caaagmf several different
sugars including six-carbon and five-carbon sugarkis easily broken down
into its building blocks. Lignin is a complex amgeigular polymer network,
composed of randomly cross-linked phenylpropanaitsuthat acts as a glue
holding cellulose and hemicellulose together.
Lignocellulose biorefinery generally includes thréendamental steps:
pretreatment to fractionate the recalcitrant ligrilodose structure; enzymatic
hydrolysis of the isolated cellulose moiety, by e@icellulases hydrolyze
reactive intermediates to fermentable sugars; agwindntation, which
produces cellulosic ethanol or other bio-based itamp).
Because of the resistant structure of crystallidlulose and natural
composite structures of lignocellulosics, efficigmetreatment technologies

are needed prior to the enzymatic hydrolysis. Tleealcitrance of
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lignocellulosic materials to enzymatic hydrolyssssubstantially attributed to
the low accessibility of crystalline cellulose fisewhich restricts cellulase
activity (6,7). The presence of lignin and hemicellulose on sheace of
cellulose prevents cellulase from accessing theteatle and it is recognized
that enzymes performance is reduced during lighdosk hydrolysis by
interaction with lignin and, especially, lignin-bahydrate complexes
(LCCs) @). A number of different approaches have been pexbags far for
lignocellulosic pretreatment aimed at the removaigmin (either in the form
of LCCs or free polyphenols) including biologicahemical, physical and
thermal processes. However, all of them resultsaisubstantial loss in
fermentable sugar content of the residual polysatdés 9).

In the last few years, the development of ioniailig and their application as
green solvents for the pretreatment and fractionatf lignocellulosic
biomass led to an intensive research which provesl dpportunity of
selectively extract a chemically unaltered lignimdasimultaneously yield an
unaltered, highly biodegradable cellulose fraciip@13). lonic liquids (ILS)
are defined as organic salts that melt below 10@@irely composed of
ions, typically large organic cations and smallrgamic anions. The most
promising cations in the dissolution of lignocelisé are derivatives of

imidazolium salts, which are able to solvate thaaatic character of lignin

by means of aromatig-n interaction, whereas counter chloride anions are

usually the most effective due to their hydrogendsodestroying capability.
Thanks to these properties, a pretreatment invglhmic liquids requires
mild reaction conditions and is expected to de@esisgar degradation,
inhibitor formation, processing costs, and capitalestments tanks to the
recycling opportunity associated with ionic liquid®evertheless, the
presence of LCCs could not be avoided due thefmsit nature that is a
covalent bond connecting a polysaccharide chaia lignin moiety. Indeed,

whereas a fairly large lignin fraction could defety be solubilized and
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removed from the lignocellulosic substrat#0-(12), polysaccharides are
regenerated from the ionic liquid solution aftee @ddition of an antisolvent
such as water or ethandH). Even if the regenerated lignocellulosic material
possesses a relatively homogeneous and amorphousheimgy which
contributes to the enhanced enzymatic digestibilitys still clear the need
for an experimental methodology able to descrilee @éktent of connection
between lignin and polysaccharides. Such informatmould be of
considerable importance in the choice of the mppt@priate pretreatment in
order to maximize the yield in fermentable sugarkilev minimizing
processing time and cost. Recently, Zoia etX) (eported a methodology
based on comparative GPC analyses of benzoylatettirwood and
correspondent benzoylated holocellulose and lighiactions. Valuable
information could be achieved by means of this apag@h, but a preliminary
processing of the examined substrate, aimed &tationation, could not be
avoided.

In this work we propose a straightforward chromedapyic method for the
detection of LCCs based on the acetylation and dydatzon of the whole
lignocellulose specimen. Extensively ball-milledmgdes of four herbaceous
plants (rice husk, wheat straviundo donax, andMiscanthus sinesis) were
dissolved in the ionic liquid 1-allyl-3-methylimidalium chloride
([lamim]CI) and then reacted with benzoyl chlormteacetyl chloride in the
presence of pyridine under mild conditiorBoth the highly substituted
lignocellulosic esters exhibited an enhanced sbiybin tetrahydrofuran
(THF), but developing a different instrumental r@spe when submitted for
GPC-UV analysis.Specifically, benzoylated specimens enabtbd UV-
detection of the whole substrate components - loskéy hemicellulose, and
lignin - regardless of possible chemical connectamnong them, whereas
acetylated specimens accounted for the soletribution of LCCs and of

course possibly free lignin due to the lack of Uwamophores in the
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unbound polysaccharide portion. The GPC-UV analysfesach cellulosic
and hemicellulosic fraction offered a valuable noeflior the assessment of
the LCC-bound polysaccharide nature. Moreover, rifethod allowed to
venture a purely qualitative evaluation of the LO@slecular weight and
composition in terms of hemicellulose to ligninioatAs a completion of this
work, an exhaustive chromatographic and spectrosadaracterization of

each extracted lignin is provided as a preliminawestigation.
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4.2 Experimental results
4.2.1 Lignins characterization
Acidolysis lignin specimens extracted framee husk, wheat strawArundo
donax, and Miscanthus sinesis were thoroughly characterized by means of
GPC, 2D-HSQC and'P-NMR analyses. Results concerning compositional
evaluation, GPC, antiP-NMR characterization are reportedTiable 1.

RICE ARUNDO WHEAT MISCANTHUS
HUSK - AL DONAX-AL  STRAW-AL SINENSIS-AL
Lignin (%) 21.8 29.9 18.6 25.6
Ash (%) 16.0 4.7 9.4 3.1
Holocellulose (%) 62.2 65.4 72.0 71.3
GPC
M, (g/mol) 10200 15000 10200 9600
M., (g/mol) 41000 81800 57500 36000
M, (g/mol) 5100 6400 4900 5500
I 4.0 5.5 5.6 3.7
¥p NMR
Aliphatic -OH, tot (mmol/g) 2.89 4.35 3.42 3.47
Aliphatic -OH, p-O-4 ® (mmol/g) 1.27 1.74 1.31 1.69
Cond PhOH © + SOH ® (mmol/g) 0.21 0.32 0.29 0.27
G-OH ® (mmol/g) 0.61 0.61 0.67 0.58
P-OH ™ (mmol/g) 0.66 0.53 0.43 0.77
COOH (mmol/g) 0.22 0.15 0.29 0.17

Table 1. Compositional evaluation, GPC, af®-NMR data for acidolysis lignin specimens
extracted from rice huskirundo donax, wheat straw, antliscanthus sinensis. *P-NMR
quantitative data are expressed as mmol per graswtcdcted lignin. Chemical structures of
each assigned NMR signal are reporteBigure 2.

Similar results were obtained for each sample. iSbkted lignins were a p-

hydroxyphenyl : guaiacyl : syringyl lignin typicaf herbaceous species, with
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each of the three main constituent units well repnéed GPC analysis also
confirmed a similar molecular weight distributicor every lignin.

As a consequence of the development of bioetharadugtion platforms,
large amounts of lignin are produced as side strddmform chemical
features in lignin process streams are thereforditgble and desired
properties as they could be utilized as a feedsfockgreen chemicals,
offering a significant opportunity for enhancingethoperation of a
lignocellulosic biorefinery regardless of the onigif the feeding material.
Results from qualitative 2D-HSQC-NMR analyses aorted inTable 2. -
arylether subunits BcO—4) are the major interunit structure of lignins,
followed by phenylcoumararf€5) and pinoresinolp¢p) units. 2D-HSQC-
NMR analyses also provide a qualitative assessmitiie presence of p-
coumarates and ferulateksy, particularly abundant in herbaceous plants and

involved in lignification, crosscoupling with ligmimonomers and possibly

oligomers.
RICE ARUNDO WHEAT MISCANTHUS
HUSK - AL DONAX - AL STRAW -AL  SINENSIS- AL
2D-HSQC-NMR Sidechains Region
B-0-4® +++ +++ +++ +++
p-5® ++ ++ + n.d.
B-p© nd. ++ + +
2D-HSQC-NMR Aromatic Region
SOH ® +++ +++ +++ +++
S-OH, a-ketone ® n.d. n.d. ++ nd.
G-OH ® +++ +++ +++ ++
Ferulate © n.d. + + nd.
P-OH ® n.d. ++ +++ ++
p-Coumarate " +++ +++ +++ +++

Table 2. 2D-HSQC-NMR data for acidolysis lignin specimengdracted from rice husk,
Arundo donax, wheat straw, and/liscanthus sinensis. Outcomes are reported as relative
abundance and differentiated in sidechain and afonragion absorptions. Chemical
structures of each assigned NMR signal are repamtEthure 2.
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Figure 1. 2D-HSQC-NMR spectra of extracted lignins. Clockevrice huskArundo donax,
Miscanthus sinensis, and wheat straw. Side chain regi8/*H correlation area: 40-90/3-6.
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All grasses have lignins that are acylated by pazaric acid. NMR work on
grasses 1(7,18) showed that the acylation is exclusively at thposition,
implicating enzymatic processes in the formationthed ester. The DFRC
(Derivatization Followed by Reductive Cleavage) moek, which leaves such
y-esters intact, further established th@cylation and indicated that p-
coumarates were predominantly on syringyl uri®).(This was recognized
as the reason why both syringyl and p-coumaratdats wmere so well
represented in the HSQC spectra of all four herdiagsubstrates.
Cross-coupling of ferulates with lignin monomersdgossibly oligomers)
incorporates ferulates intimately into lignin invariety of structures and
results in lignin-polysaccharide cross-linking021). Moreover, there is
growing evidence that ferulates act as nucleatites dor lignification in
grasseq?22). Even if ferulate is not one of the three accepteonolignols
constituting lignin, it behaves like a monomer,icatly cross-coupling with
monolignol radicals and fully and inextricably imporating into the
phenylpropanoid polymer. In grasses, it is likdigttmost lignin molecules
have ferulate incorporated into them. Ferulatesorparated this way
therefore analyze as lignin and there is no walgdtate or separate lignins
from them. Therefore, it has been suggested thaiates are a natural
component of lignins in grasse®3). Their full incorporation into the
polymer network could justify the lower amount efdlates units detected by
the HSQC experiment if compared to p-coumarates.

4.2.2 Set up of the chromatographic method

In order to set up the chromatographic systemherdetection of LCCs, UV
spectra of acetylated and benzoylated samples Mdlase and lignin
extracted from rice husk were acquired betweena2®D430 nm. The spectra
of acetylated and benzoylated lignin, and benzeglatellulose showed

different absorption bands between 240 and 280Tima.two major bands in
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these samples were ascribed to the presence ofatcoumits (either from
lignin itself or the derivatization with benzoyl londe or both), while the
spectrum of acetylated cellulose was not well re=mhl with a weak and
broad absorbance around 330 niiable 3 reports the extinction coefficients
for acetylated and benzoylated lignin and celluleamples extracted from
rice husk, calculated from the absorbance valuessored at 240 and 280

nm.
Concentration €240 nm €280 nm
(mg/ml) (ml/mg*cm) (ml/mg*cm)
Cellulose acetylated 0.1 4.00 0.96
Cellulose benzoylated 0.1 30.37 9.43
Lignin acetylated 0.1 25.65 19.13
Lignin benzoylated 0.1 34.12 16.07

Table 3. Results of UV-Vis analyses of acetylated and bglated cellulose and lignin
samples extracted from rice husk. The extinctiogfficient was calculated according to the
Lambert-Beer law, A=[ ]*d%, where A is the measured absorbance, d the padfthiécm),

[ 1 the concentration (mg/mL) and the extinction coefficient (mL/mg*cm) at the given
wavelength.

When analyzed at 240 nm, benzoylated cellulose l@@mzoylated lignin
presented similar, largevalues (30.3%ersus 34.12). Instead, when analyzed
at 280 nm, acetylated cellulose showed a really dpwith an instrumental
response 20 times lesser than lignin (k@8us 19.13). On the basis of these
results, we decided to choice 240 nm as recordiagelength for GPC
analysis of benzoylated samples in order to maxantlzeir instrumental
response, and 280 nm as recording wavelength fo€ @Ralysis of
acetylated samples to minimize the contributiofreé¢ polysaccharides while
benefitting of the natural high absorbance intgnsitthe polyphenol moiety.
The GPC analyses of acetylated and benzoylatediles#! and lignin

(concentration 1 mg/mL) are reportedHigure 3.
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Figure 3. Overlapped GPC-UV profiles of cellulose and lignimoth acetylated and

benzoylated.
As expected, the chromatograms highlighted thagr dfenzoylation both
cellulose and lignin are readily detected withraikir instrumental response,
while after acetylation lignin showed a much highesponse respect to the
acetylated cellulose. This is related to the laicktmong chromophores in the
polysaccharide fraction after acetylation and repn¢éed the key point for the
recognition of LCCs in native substrates. Any abaace of acetylated native
material should therefore be related to the presef@romatic compounds.
Any polysaccharide, if bound to these natural clophores, as is the case of
LCCs, will give a UV response leading to a particuimolecular weight
distribution accounting for these high moleculanghe fractions. Residual
absorbance of cellulose after acetylation was lasdrto the presence of by-
products arising from the reaction of celluloseug® with pyridine or ionic
liquid. Benzoylated specimens, otherwise, enabé Wv-detection of the

whole substrate components that are cellulose, dedimiose, and lignin,

regardless of possible chemical connection amogg th
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4.2.3 GPC analysis of the annual plants. native materials

Extensively ball-milled samples of the four herbace plants were
dissolved in the ionic liquid 1-allyl-3-methylimidalium chloride
([amim]Cl) and then reacted with benzoyl chloramteacetyl chloride in the
presence of pyridine under mild conditions. Thesezoylated and acetylated
samples were then analyzed by GPC-UV at 240 nn28Adm respectively
to maximize their analytical response. It is wotthpoint out again that
acetylated sample chromatograms should exclusiadgount for the
molecular weight distribution of those lignocellsio fractions which
naturally contain aromatic groups (LCCs and frgaih), due to the higher
instrumental response observed for lignin than ffee polysaccharides.
Acetylated and benzoylated chromatograms were aweed for each

herbaceous substrate; the result is reportédguare 4.
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Figure 4. Overlapped GPC profiles of benzoylated (black)lined acetylated (gray line)
milled native samples (top to bottom: rice huskH,RArundo donax - AD, wheat straw -
WS; and Miscanthus sinensis - MS). Chromatograms of acidolysis lignin samples
(acetylated, dotted line) are also reported ageate signals.
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For all the analyzed samples (RH, AD, WS and M$g benzoylated
chromatograms showed a more or less pronounceddsenon the higher
molecular weight region than the acetylated onegparting the presence of
free polysaccharides of considerable molecular sigThe profile of
acetylated samples showed the presence of macromedewith a larger
molecular weight with respect to the correspondiextracted lignin
specimen. These components, detected at 280 nrid beuwassociated with
the presence of polysaccharides connected to aimmampounds. On
account of these relative comparison among GPGlesadf benzoylated and
acetylated native grasses it seems likely to reeegtwo situations. Rice
husk andArundo donax are characterized by pretty different benzoylated
acetylated GPC profiles, which may presumably ssygiee presence of
LCCs of low molecular weight. When wheat straw &fidcanthus sinensis
are concerned, the two chromatograms are quitdasimiespecially in the
case ofMiscanthus sinensis - giving the impression to be in presence of
medium to high molecular weight LCCs. The GPC témphe herein
developed was not able to discern the nature ofatbbenatic compounds
covalently bounded to the polysaccharide fractibhey may be ascribed
either to lignin (aromatic polymer) or to p-coungarand ferulic acids
(aromatic compounds), known to be connected by resends to
hemicellulose Z4). Moreover, the presence of different peaks in ltdveer
molecular weights region, noticed in all the beratsd and acetylated
chromatograms, could be explained by the presehdece hemicellulose
(detectable only after benzoylation at 240 nm) fxed lignin (detectable in

any instrumental configuration).

4.2.4 GPC analysis of the annual plants: fractionation products
Afterwards, the main lignocellulosic fractions (j.eellulose, hemicellulose

and lignin) of all the four herbaceous samples weoéated and derivatized
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in IL. They were then subjected to GPC analysid e aim to rationalize
composition and components distribution in eactotatogram describing
the whole derivatized samples. The results arertegpan Figure 5 and

Figure 6. Pure cellulose and hemicellulose samples were dottylated and
benzoylated. In the case of cellulose sampléigure 5 reports only

benzoylated chromatograms due to the low instruateesponse obtained
from acetylated ones, according to the experimerdgallts discussed in
section 5.2.2. When hemicellulose was concerned, both acetylaed

benzoylated specimens were detectable by GPC-UVinggia similar

molecular weight distribution. Such observatiorelitsnay be considered as
an evidence of LCCs occurrence, and may be judtifiethe presence of any
aromatic compound bounded to the hemicellulosectstre and not removed
by the preliminary oxidative step involving NaClBor the purposes of this
study, Figure 6 compares only the acetylated chromatograms of
hemicellulose to the acetylated chromatograms aeduiafter the
derivatization of the whole materials. It is wortfoticing that residual
aromatic compounds bounded to the hemicellulosaidra could not affect
the molecular weight distribution due to their lied contribution to the

polymer molecular weight.
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Figure 5. Identification of the main polysaccharide compdsen the UV-detected fractions
of benzoylated native samples (Clockwise: rice huBlk, Arundo donax - AD, wheat straw

- WS; andMiscanthus sinensis - MS). Overlapped GPC profiles of benzoylated veati
material (black line) and benzoylated extractetutzde (gray line).
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Figure 6. Identification of the main polysaccharide compdsen the UV-detected fractions
of acetylated native samples (Clockwise: rice huBR, Arundo donax - AD, wheat straw -
WS; andMiscanthus sinensis - MS). Overlapped GPC profiles of acetylated retivaterial
(black line), acetylated extracted hemicelluloseydine), and acetylated acidolysis lignin

(dotted line).
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With regard to the benzoylated chromatogramiSigure 5, where is reported
the comparison between the entire native mateaats the corresponding
extracted cellulose, it was possible to verify gngicant overlapping of the
two GPC profiles in the higher molecular weightaarthus confirming that
the polysaccharide describing the higher moleawksight fractions of all the
examined samples ought to be identified with celal Only for rice husk is
observed a slight difference with the higher molacweights of the native
material not fully represented by the cellulosiaction. This mismatch was
accounted as a possible result of additional chanm¢eraction among rice
husk components, which is known to be an outst@ghgimecalcitrant
material.

On the contraryFigure 6 showed a substantial disagreement between the
chromatograms of acetylated native materials and torresponding
extracted hemicellulose.

Comprehensively, it is like a fraction in the higineolecular weight region is
missing in all the acetylated chromatograms: thastion was interpreted as
the LCCs area. The fractionation process cleavedydhe lignin polymer by
a progressive oxidation, thus leaving a missingtrdaution in the higher
molecular weight that could be explained only tgkimto account a chemical
connection between hemicellulose and lignin.

Other valuable informations could be achieved frtAnalyzing these four
distributions. Indeed, the extracted hemicellulspecimens were described
by almost the same Mbut a less polydispersed peak for RH and WS, while
in the case of AD and MS the distributions werergba and completely
shifted toward lower molecular weight with respeéatthe corresponding
native material. In the case of RH and WS, thehslidifferences in the
overlapped chromatograms may be rationalized asguthat hemicellulose
is mainly bounded to small polyphenolic fragmengither oligomers or

monomers in the form of p-coumaroyl and feruloytees) resulting in low
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molecular weight LCCs. Instead, differences in tmelecular weight
distributions of acetylated AD and MS native spemsiand related extracted
hemicelluloses could be justified presuming thathlemicellulose fraction is

mainly bounded to large lignin fragments. As losgiae husk, wheat straw,

and Miscanthus sinensis are concerned, these hypotheses are also confirmed

by the conclusions reached in the previous se¢b@h3). The contradictory
results obtained foArundo donax (low molecular weight LCCs as supposed
in section5.2.3 vs hemicellulose linked to large lignin fragments.,i.LCCs

of high molecular weight, here) may be explainedablymited amount of
LCCs, resulting in a low absorbance in the highetetular weight region of
the acetylated native material even if hemicellelssconceived as bound to

large lignin fragments.

4.2.5 Applications

In order to apply the developed GPC system to teeg significant change
in the material composition after a harsh phystcaatment, specimens of
steam-exploded wheat straw aAdundo donax were subjected to GPC-UV
analysis after being acetylated and benzoylatedul®e are reported in

Figure 7 andFigure 8.

—WS_BZ —WS_AC
WS_st_expl BZ WS_st_expl AC
,,,,, Ws_AL

1,00E+08 1,00E+07 1,00E+06 1,00E+05 1,00E+04 1,00E+03 1,00E+02 |1,00E+08 1,00E4+07 1,00E+06 1,00E+05 1,00E+04 1,00E+03 1,00E+0:
Molecular weight (gimol) M olecular weight (g/mol)

Figure 7. Left: overlapped GPC profiles of benzoylated native wist@w (black line) and
benzoylated steam-exploded wheat straw (gray liRght: overlapped GPC profiles of
acetylated native wheat straw (black line) anddattd steam-exploded wheat straw (gray
line). The chromatogram of acetylated acidolygjsil is also reported as reference signal.
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Figure 8. Left: overlapped GPC profiles of benzoylated nathrendo donax (black line)
and benzoylated steam-explodé&dindo donax (gray line). Right: overlapped GPC profiles
of acetylated nativérundo donax (black line) and acetylated steam-explodedndo donax
(gray line). The chromatogram of acetylated acisislyignin is also reported as reference
signal.

Both the benzoylated chromatograms of steam-exdlodleeat straw and
Arundo donax had their principal peak, or at least its maximwhifted
toward higher molecular weights. This differencethe UV response could
be regarded as a consequence of the fiber separahich possibly resulted
in the removal/solubilization of low molecular whtgellulose chains.

The acetylated chromatograms of steam-explodedmspas showed that a
large portion of the hemicellulose fraction was foygzed, resulting in a
bimodal GPC profiles, consistent with a lignin-ehed sample. The removal
of hemicellulose was really effective for wheatasty which lost almost all
this polysaccharide fraction. ConcerniAgundo donax, it seemed that the
steam explosion process was not as much effecttberwise, these
experimental results may be deemed as an agreevitbrihe hypothesis of a
low LCCs content previously discussesdction 5.2.4).

4.3 Conclusions
The opportunity for a plain investigation of theepence and amount of
lignin-carbohydrate complexes (LCCs) in renewaltdedstocks is a major
issue in the choice of the most appropriate pretreat strategy. In this
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study, extensively milled lignocellulosic materidifem Rice huskArundo

donax, wheat strawMiscanthus sinensis, and their fractionation products
(cellulose, hemicellulose, and lignin) have beearabterized by means of
GPC-UV. The acetylation and benzoylation of theledilnative substrates in
ionic liquid media, and the systematic comparisetween their GPC-UV
chromatograms has revealed itself as a straightimwechnique in the
detection of LCCs. The comparison between acetylaiemicellulosic

fractions and corresponding acetylated native satest proved a more or
less pronounced connectivity between lignin (or aother aromatic
compounds) and the hemicellulosic moiety. Moreotrex,method allowed to
venture an assessment of the LCCs molecular weigt composition in
terms of hemicellulose to lignin ratio, demonstrgtiits reliability even if

based on purely qualitative evaluations. On thesrottand, the comparison
between benzoylated cellulosic fractions and cpoeding benzoylated
native substrates demonstrated that cellulose wasbatantially unbound
moiety, accounting for the sample composition ghlr molecular weights.
Moreover, extracted lignin specimens were compfeteharacterized

revealing a similar structure for all the materiatgler examination.
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5. RICE HUSK LIGNIN RECOVERY AND ITS EFFECT AS AFl LLER
ON THE THERMAL BEHAVIOUR OF POLY (3-
HYDROXYBUTYRATE)-BASED BIOCOMPOSITE ( 1,2)
[DEVELOPED IN COLLABORATION WITH SCCP AND ISMAC CNR ]

5.1 Background, objectives, and strategies
5.1.1 Rice husk lignin extraction
A suitable renewable feedstock for the chemical anérgy industry is
extremely important for the sustainable developnwndociety. Nowadays,
the current prosperity of chemical is based on phmad steady feedstock
supply, especially non-renewable fossil resourcescraide oil, coal and
natural gas. At present, renewable matter suchgasdellulosic materials,
the most abundant biomass resource in the wortdfaeseen as principal
alternatives to fossil resources. The lignocelliglitdomass, which represents
about 50% of the global biomass, has an annualuptmaoh estimated in 10-
50 billion of tons B) and is predominantly originated by low-cost agitieral
and forestal wastes. The main chemical componehtsignocellulosic
materials are cellulose, hemicellulose, lignin @henolic extractives, with a
minor amount of other compounds such as ashesipsotstarch, terpenes,
waxes, resins, fatty acids and other extractigeS)(
In recent years, herbaceous plants are receivicrgasing attentions for two
primary reasons: annual renewability and large ahbiomass stock (1550
million tons/year worldwide) §. Among others, rice is one of the most
cultivated crops in the world with a global prodant of about 680 million
tons/year (www.fao.org FAOSTAT Database, 2008).lyltgproduces
approximately 1.4 million tons/year of rice, withet 90% of this production
concentrated in the Northern Italy, mostly of whiah Lombardy and
Piedmont (www.politicheagricole.gov.it). Rice huske outer cover of rice
grain, is among the principal processing side-pectsiwf the rice milling
industry and accounts for about 20% by weight oé.riAveragely, rice husk
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iIs composed by 22% of lignin, 38% of cellulose, 18#hemicelluloses and
2% of extractives and 20% of ash&3 but its chemical composition may
differ since disparate variables (geographic acimatic conditions, type of
paddy, soil chemistry, fertilizers) are involvedtive crop growth. Rice husk
does not possess a remarkable commercial intemesits price is very low
(30-40 €/ton in Italy, www.enterisi.it). Because thie elevated ashes and
lignin content, rice husk is not appropriate asneiifeed raw material.
Therefore, it is for the most part addressed twesexrs animal litter, soil
fertilizer or combustible for the production of efiecity and heat, creating
environmental pollution. Recently, many efforts @dveen done trying to
valorize rice husk by exploiting its characteristas an abrasive surface or as
a high ash containing material. Recent studies lt®reonstrated that rice
husk can be burnt under controlled conditions ttaioba large amount of
silica (about 95% of the total ashes content) wimay find application in a
variety of end products such as building materiatisorbents phase for the
treatment of wastewaters, solid phase for suppateymes, and fillers3(
9). Moreover, the polysaccharide fraction has beeggssted for various
applications, such as adhesives, films and bigfusdiuction {0, 11).

On the contrary, despite its widespread availahiirtdustrial applications of
lignin and phenolic extractives from rice husk aather limited, and it has
been reckoned that only 1-2% of it is addressedhto development of
innovative bio-based productd2). The aim of the present study is to
increase this percentage, exploiting agro-industlignin wastes as a
renewable feedstock to substitute synthetic adetand fillers in adhesives,
resins, thermoplastics and compositEs; 14).

In this work, lignin and extractives from rice huskere isolated and
characterized. Rice husk extractives have beeradilrgproved to possess
antioxidant activity 15, 16). Three solvents (water, ethanol and acetone)

were tested in different extractions with the amnidolate extractives in a
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different solubility range. The extractives thusaeered were assayed for
their antioxidant activity by means of a DPPH ratl&cavenging test.

With regard to the lignin isolation, two differeektraction procedures were
tested: the acidolysis and the alkaline enzymaiie acidolysis method has
been taken into account as a simple and well-defipeocedure for the
isolation of a representative and pure lignin s@amphe alkaline enzymatic
method has been envisaged as an economic and riatiugpplicable
extraction procedure. Both the procedures werestiy&ted to recognize the
best experimental conditions for the maximizatioh yeeld and purity.
Afterwards, the different lignins were fully chatedzed by means of
gravimetric, chromatographic (GPC) and nuclear me#gn resonance
analysesP NMR and 2D-HSQC-NMR). Alkaline Enzymatic LigniAEL)
and Acidolysis Lignin (AL) samples were also subgelc to DPPH
colorimetric assay to assess their radical scangragtivity.

5.1.2 Biocomposites analysis

In recent years, agricultural by-products have bested as fillers for the
production of polymer matrix compositek/(18). These fillers are not only
inexpensive but also able to minimize the environtalepollution. Moreover,
biodegradable lignocellulosic fillers possess salvadvantages compared to
inorganic additives, such as greater deformabildyer density and reduced
cost. Depolymerization and chemical modificatiomaeal at the introduction
of lipophylic chains represent potential approadimesnhance the affinity of
lignocellulosic materials towards polymeric systeribe increasing social
environmental awareness and the forecast of oitate that will endanger
the production of conventional plastics in the fatthave prompted the
attention on biopolymers. Nowadays, the biopolysector still represents
only a very limited share of the global market, us expected to have a

huge potential for the future, due to the countkggslications that polymers
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have gained in our societyl9-21). Poly(3-hydroxybutyrate) (PHB) is
accumulated by a wide variety of micro-organismsam@sntracellular storage
source of organic carbon and chemical energy. PlB #&itracted much
attention as a biocompatible and biodegradablertbplastic polymer but its
application has often been limited by its brittlepePHB was blended with
several synthetic polymers to improve its thernrad enechanical properties
(22-25). Biocomposites are novel materials obtained bynmaunding a
biodegradable polymer with biodegradable fille26)( In recent years, fillers
from renewable source, such as lignocellulose $ibeave been increasingly
used in the preparation of PHB-based biocompo&fe29). The presence of
lignin gives particular properties to the compasltecan act as a stabilizer
preventing polymer ageing due to its antioxidaritvég (30-33). Lignin is
also able to produce a large amount of char resigho@ heating at elevated
temperature in an inert atmosphere; this featura msic aspect of flame
retardant additives, since char reduces the conooukeat and heat release
rate of polymeric materials34-36). Moreover, lignin can behave as a
nucleating agent during the crystallization of eli#int thermoplastic
polymers and interfere on their supramolecular cétme @7,38). Recent
papers reported about the influence of lignin anphoperties of PHB-based
composites prepared by melt mixirgp{40).

In the present work, PHB and acetylated lignin broposites were prepared
by casting from chloroform solution to enable iatgions at molecular level
between lignin and biopolymer matrix. Results frameliminary thermal
analysis showed that the interference of the ALP&IB thermal stability and
crystallization behaviour is stronger than thattbé AEL. Therefore, a
second part of the study was dedicated to thetstalcand morphological
characterization of PHB-AL composites and to thealeation of the

influence of lignin content on the thermal propestof PHB-AL composites
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with the aim to establish a relationship between liftbocomposite properties
and the ligno-derivatives characteristics.
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5.2 Experimental results: rice husk lignin
5.2.1 Radical scavenging activity of water, ethanol and acetone extractives
Plenty of studies have demonstrated that sevewaht péxtracts, mainly
composed of phenolic structures, possess integeatitioxidant 41,42) and
antimicrobial properties4B3). On the basis of these studies, three different
solvents (water, ethanol and acetone) were testedhé isolation of
extractives from rice husk in order to cover a bty range and appreciate
if the antioxidant ability changed depending onélR&action solvent. To test
the radical scavenging ability of the extracts wassen a DPPH radical
scavenging test, since the oxidation is oftenatetil by a free radical attack.
Moreover, the DPPH method is rapid, simple, serssitreproducible and
does not require special instrumentation. The aiatént activity of rice husk
extractives was compared to that of commonly usatxdants of both
natural (quercetin, rutin) and synthetic origin (BHBHA).

Table 1 summarizes the calculatedsl®@alues.

ICso PhOH ICso
(ng/mi) (mmol/g) (nmol PhOH/ml)
Rice husk extractives
Water 82.9 0.59 48.9
Ethanol 112.4 1.02 114.6
Acetone 195.2 1.22 238.1
Reference
Quercetin 1.9 16.54 31.4
Rutin 4.1 6.55 26.9
BHA 6.8 5.55 37.7
BHT 8.6 4.54 39.0

Table 1. Radical scavenging activity of water, ethanol awdtane extractives from rice
husk, 1Gy concentration expressed both as a function ofatight (first column) and the
phenolic content (third column). Values referredrtethanolic solutions.
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Despite the lower phenolic content (estimated bwntjtative *'P-NMR
analysis for the three different extractives typeshong the others water-
soluble extractives were found to be the most paweadical scavenger. If
the same data are regarded as a function of theptioénolic moiety, the I
values for water extractives and reference antamtisl were found to be quite
similar, proving a close relationship between numb® phenolic
functionalities and scavenged DPPH radicals. Thougk solubility
properties may play a crucial role with regardhie themical characteristics
of the isolated products, it is not clear the reasdy ethanol and acetone
extractives showed a much highegd®@alue having a large phenolic content
nevertheless. According to other studiekl45), it seems that a direct
correlation between the content of the main antiami compounds (total
polyphenols) and the total antioxidant potentiabidd not be taken for
granted. Moreover, common phenols released as seqaence of lignin
degradation such as coumaric acid, vanillin, andilhM@ acid are proved to
react very poorly with the DPPH free radical wittslaw kinetic reaction
(46).

5.2.2 Compositional evaluation of rice husk

A preliminary characterization of native rice husighlighted the following
composition: 4.7% of extractives (sum of water 3.580d ethanol 1.2%
extractives), 26% of lignin (sum of acid insolul#8.3% and acid soluble
2.7% lignin), 16.8% of ash, and 52.6% of carbohtelraln the sample no
proteins were detected. It is noteworthy the carsible amount of lignin
and the large amount of ash content (ash contenwadad is generally
comprised between 3-5%), constituted by around 8®%% of amorphous
silica (7). These percentages reflect the biological fumctd rice husk,
which is a physical protection of rice grains frewternal damages caused by

environmental conditions, parasites and herbivorEse output of this
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compositional estimation is close to literaturead@, taking into account
that slight differences may be related to differemvironmental and

cultivating conditions as well as to the rice plapécies.

5.2.3 Lignin extraction: screening and identification of the most suitable
methods
The isolation of lignin from rice husk was perfomnéllowing different
procedures, either chemical or/and enzymatic, deioto evaluate the better
extraction strategies among different approachefirsh method was based
on an acid hydrolysis with HCI 0.1 M in dioxane/esmtfollowed either by
lignin precipitation in HCI 0.01 M (named acidolysitype 1) or by
flocculation in an acetic acid/water solution (nahaeidolysis type 2). As an
alternative approach, was investigated a cellullyteatment of the rice
husk. Others procedures tested comprehended: afinalkhydrolysis with
NaOH 0.2 M, followed by lignin precipitation in HOD.5 M, and an
enzymatic hydrolysis/acidolysis lignin (EAL) obtaih from a cellulolytic
sample further extracted according to the acidolitipe 1) method.
Table 2 displays an overview of the obtained results.

(AHCclclkc))l,)gllci\%) (éﬂggggﬁ) Celluls:moulr? w EAL Alkaline
Milling time (h) 20 15 20 30 blended
Lignin yield (%) 46,3 30,0 - 40,5 27,5
Klason lignin (%) 86,0 79,0 32,0 86,0 75,0
Ashes (%) <2 <2 24,0 <2 <2

Table 2. Rice husk lignin — sample composition: lignin gighormalized on Klason lignin
content), content values of Klason lignin, and aslaying the extraction procedure.

The best results were identified in the acidolytype 1) and EAL samples,
which showed an appreciable lignin recovery, higinitp, low ash content

and a reduced percentage of residual carbohydr&exe a double
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purification would represent a time-consuming siggt and no additional
improvements are noticed, the most useful appreeh recognized in the
acidolytic (type 1) extraction.

Even if the extracted lignin there from was contaeteéd by a large amount
of residual polysaccharides, the alkaline methgaesents an economic and
industrial feasible extraction procedure. Therefotke alkaline lignin
extraction was chosen as a second approach tdlpénfrestigated. With the
aim to improve the outcome reducing the residudbaaydrates content, it
was decided to perform a cycle of enzymatic puatf@n on the extracted
lignin before proceeding in any characterizatiomhaf sample.

5.2.4 Ligninisolation: acidolysislignin (AL)

Besides the extractives isolation, some biomasgnirents allow to recover a
quite pure lignin fraction which may also find ageuindustrial feedback
(47), being the major lignocellulosic biomass compdradter carbohydrates.
As discussed above, a first approach investigaiedignin isolation was an
acidolytic extraction, performed on rice husk sasptubjected to different
milling periods. The acidolytic method has beenduseorder to isolate a
pure lignin fraction to be used as a reference ispgt for the
characterization of rice husKable 3 reports yields and composition of the
various acidolysis lignin samples (AL). All of thewere also characterized
by GPC analyses, in order to identify any significavariation in the
molecular weight distributions, and by means of misative *‘P-NMR
spectroscopy to determine the amount of aliphatdrdxyls, condensed and
syringyl phenolic moieties (S-OH + Cond. PhOH), igagl units (G-OH), p-
coumaryl alcohols (P-OH), and carboxylic acid fumwalities (COOH) as

well.
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Milling Time (h) 0 5 10 15 20 30
Yield (%) 16.0 26.8 34.0 31.2 46.3 41.9
Purity (Klason %) > 85 > 85 > 85 >85 > 85 > 85
Ashes (%) <2 <2 <2 <2 <2 <2
GPC
M, (g/mol) 9000 7900 8300 9900 10200 9300
M, (g/mol) 31500 30300 29500 37200 41000 36300
M, (g/mol) 4800 4700 5100 5400 5100 4900
[ 35 3.8 35 3.8 4.0 3.9
¥p NMR
Aliphatic -OH (mmol/g) 3.08 2.89 3.40 2.98 3.03 2.8
S-OH + Cond. PhOH (mmol/g) 0.23 0.21 0.34 0.27 302 031
G-OH (mmol/g) 0.47 0.61 0.70 0.61 0.65 0.60
P-OH (mmol/g) 0.66 0.66 0.74 0.65 0.65 0.63
COOH (mmol/g) 0.23 0.22 0.23 0.22 0.27 0.23

Table 3. Yields, purity, ashes content, average moleculaighteindexes and labile

hydroxyls composition of acidolysis lignin extragtdrom differently milled rice husk
samples.

The overlap of the GPC profiles (not shown) dispthyan appreciable
overlay of the different chromatograms, with therenextensively milled rice
husk lignin sample (15, 20, 30 hours) being thd&eicin high molecular
weights. This qualitative observation is confirm®dthe average molecular
weights calculation (M My, M,), reported inTable 3. Though extraction
carried out on larger particle may be supposecsalt in the isolation of a
lower molecular weight lignin fraction, as observadvood lignin @8), the

GPC profiles and the average molecular weight iadedemonstrated an
overall uniformity in the morphological propertiesthe examined samples.
This observation could account for a lignificatigmocess which is not
discriminating among different regions of the huSke homogeneity of the
extracted acidolysis lignins is furthermore supedrtby the **P-NMR

analyses, which showed similar chemical featuregemms of aliphatic

hydroxyls, phenols and acidic functionalities comtevalue for all the
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examined specimens. These results demonstratedhthanilling time, thus
the lignocellulosic powder granule size, had noluefice on the
morphological and chemical characteristics of Igmnihereas the extraction

yield was greatly affected.

5.2.5 Ligninisolation: optimization of alkaline-enzymatic lignin (AEL)
extraction
In the last few years, experimental endeavors Heen directed toward the
exploitation of lignocellulosic materials by nonres@ntional methods which
are more concerned for the environment and thestndl applicability than
those used on a laboratory scale. The use of Na@iia is a common
method to process wood and lignocellulosic non-womgterials to remove
lignin (49). Moreover, it is worth noticing that, besidesniig, the alkaline
treatment is able to solubilize other lignocellidtogomponents such as
hemicelluloses, residual extractives and ashegnQthe acidic precipitation
is not sufficient to remove all contaminants, maimdolysaccharides as
hemicelluloses which co-precipitate along lignin.on® of these
carbohydrates could be hydrolyzed by means of ayneatic treatment,
improving lignin purity.
Therefore, a second part of the study was dedidatéte optimization of the
alkaline extraction conditions for rice husk ligniim order to reduce the
residual polysaccharides content, all the alkaliigain specimens were
subjected to an enzymatic digestion as a furtheifipation step. A mild
alkaline treatment was chosen to avoid potentiadlifitations in the lignin
structure due to drastic conditions. The experimleronditions under
investigation were: the extraction time, the reactiemperature, and the
concentration of NaOH. If not otherwise specifiedxtraction time,
temperature and NaOH concentration were set aussh®0 °C, and 0.2 M.

The effects of the various processing conditions yield, purity,
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morphological features (GPC), and labile hydroxagsnposition {'P-NMR)
on rice husk alkaline lignin were investigatdalfle 4).

Reaction Temperature (°C) NaOH Concentration (M)
70 80 90 0.1 0.2 0.3
Yield (%) 11.2 15.3 22.3 11.2 22.3 29.1
Purity (Klason %) 65.2 65.2 74.3 49.7 74.3 77.9
Ashes (%) <2 <2 <2 <2 <2 <2
GPC
M (g/mol) 11300 12300 12000 7400 12000 13600
M., (g/mol) 106000 113000 96300 39000 96300 115000
M, (g/mol) 4200 4600 4600 3800 4600 4500
| 9.4 9.2 8.0 5.4 8.0 8.4
¥p NMR
Aliphatic -OH (mmol/g) 1.23 0.86 2.58 0.77 2.58 B.7
S-OH + Cond. PhOH (mmaol/g) 0.06 0.06 0.18 0.05 0.18 0.13
G-OH (mmol/g) 0.14 0.10 0.34 0.09 0.34 0.38
P-OH (mmol/g) 0.15 0.07 0.23 0.08 0.23 0.14
COOH (mmol/g) 0.27 0.20 0.62 0.16 0.62 0.59

Table 4. Optimization of the alkaline lignin extraction: et of different reaction
temperatures and NaOH concentrations on yieldstypand morphological and chemical
features. If not otherwise specified: reaction @e&riNaOH concentration, and reaction
temperature set at 4 h, 0.2 M, and 90°C.

Yields and purities of the examined samples weraosat all comprised
between 15% and 25%, and 65% and 75% respectigyy a slight
increment in yield and purity was detected incregdihe extraction time
(data not reported), whereas a raise in both thetimn temperature and the
NaOH molarity resulted in the extraction of a largad purer lignin fraction
(Table 4). For all the set of conditions tested were natiparticularly high
My, values with respect to those found for the acidiolyextraction.
Otherwise, M and M, values were found to be almost equal for both the
procedures, suggesting the presence of residugdgomiharides chains linked

to the lignin macromer which might have lowered ploé/mer retention time.
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Results from quantitative®-NMR analyses led to more interesting
conclusions. The variable “extraction time” did rsgem to be an important
affecting factor since the only consequence oihitsement was an otherwise
expected heighten in the oxidation degree (data smamwn). When the
variables “reaction temperature” and “NaOH concaidn” (Table 4) were
concerned, pretty low values of aliphatic hydroxysenolic moieties and
acidic functionalities were detected at 70°C, 80a@d 0.1 M, probably on
account of an especially limited solubility and ippof these samples related
to excessively mild extraction conditions. If themiperature was raised to
90°C or, otherwise, the concentration of NaOH wamsight to 0.2 M or 0.3
M, aliphatic alcohol and phenolic moieties contealies moved upward, as
well as the carboxylic acid content as a consequeh@a major oxidation. In
the effort to found the best compromise among yaeld purity, the optimum
extraction conditions were recognized in the foilogv 4 hours, 90°C and 0.3
M.

5.2.6 Comparison between AL and AEL Samples

Table 5 displays an overview of the obtained results fothkthe optimized
acidolysis lignin, AL (20 h of ball milling) and éhoptimized alkaline
enzymatic lignin, AEL (4 hours, 90°C and 0.3 M NaOHcellulase). The
best results with regard to gravimetric analysasldy purity, ashes) were
identified in the AL sample (46.3%, 86%, <2%), whicshowed an
appreciable lignin recovery, high purity, a redueaibohydrates fraction,
and low ash content. However, considering the atgsehmilling, the result
from the AEL protocol should be deemed as competi{R9.1%, 77.9%,
<2%).
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AL AEL
Milling time (h) 20 blended
Yield (%) 46.3 29.1
Purity (Klason %) 86.0 77.9
Ashes (%) <2 <2
Carbohydrate (%) 12.0 20.0
GPC
M, (g/mol) 10200 13600
M, (g/mol) 41000 115000
M, (g/mol) 5100 4500
| 2.8 8.4
*p NMR
Aliphatic -OH (mmol/g) 3.03 3.71
Cond. PhOH + S-OH (mmol/g) 0.23 0.13
G-OH (mmol/g) 0.65 0.38
P-OH (mmol/g) 0.65 0.14
COOH (mmol/g) 0.27 0.59

Table 5. Comparison among Yyields, compositional evaluatiand morphological and
chemical features of rice husk lignin specimensakid AEL by gravimetric, GPC aridP
NMR analyses.

The average molecular weight indexes, along with tiverlapped GPC
profiles of AL and AEL specimens (not shown), paw/ithe evidence of an
AEL sample characterized by a molecular weight ridistion notably
represented by high molecular weight fractionsoiinpared to the acidolytic
one, maybe due to the presence of residual carbateyddespite the
enzymatic purification. The samples were also atarzed by means of
quantitative*’P-NMR spectroscopyigure 1, along withTable 5, shows that
rice husk lignin is mainly formed by guaiacyl andhydroxyphenyl units, not
depending by the applied extraction procedure. ghéi content of aliphatic
hydroxyls and acidic functionality, along with a dest amount of phenolic
moieties, was observed for the alkaline extractibhe higher content of
aliphatic alcohol, along with the presence of savegsolved peaks between
145 and 150 ppm (the aliphatic alcohol range) B*tR-NMR spectrum of
AEL, was related to the presence of carbohydratepurities likely
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connected to the lignin fraction. This observatisnin agreement with the
GPC result, and it could also explain the loweueabdf free phenols: part of
them could be involved in lignin-carbohydrate botttat the alkaline
treatment is not able to cleave. Moreover, the fowadue of P-OH in the
AEL sample could be related to the alkaline cleavafjp-coumaroyl ester

bonds, also observed for wheat str&@)(
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Figure 1. Comparison betweeflP-NMR spectra of AL and AEL samples. Approximative
integration ranges included for: aliphatic hydrexyAliph -OH), syringyl and condensed
phenalic units (Cond.-OH + S-OH), guaiacyl phemtsieties (G-OH), p-coumaryl units (P-
OH), and carboxylic acid functionalities (-COOH).

AL and AEL specimens were further analyzed by 2DISNMR
spectroscopy to identify the principal intermonomdronds and to evaluate
any significant differences in the two polyphenotmnectivity. The main
intermonomeric units in lignin include: arylglycéf®-arylether B-O-4),
phenylcoumaranf(5), pinoresinol §-3), and dibenzodioxocine (5-5’-0O-4).

The spectra, reported iigure 2, highlighted that both the lignins contain
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arylglycerolf3-arylether units §-O-4) as the most representative interunit.
Cross-peaks relating to other principal intermonoecnigonds -5, B-) were
also identified. Concerning the AEL specimen, amraant presence of
intense correlation signal at/oy ~ 70-75, 5.0-5.5 (oval shape) is noted.

These signals were related to partially oxidizesicheal carbohydrates.

f1 (ppm)

rioo

1o

20
140
—+150

30 e 70 6.5 60 55 50 45 40 35 30
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Figure 2. Overlapped2D-HSQC-NMR spectra of acetylated AL (red scalej afL (gray
scale) samples from rice husk, showing the aliphsitie chain'*C/*H 40-90/3-6 B-O-4, B-
5), the aromatic regior>C/*H 100-140/6-8 (S syringyl, G guaiacyl, and H p-ceuyt), and
signals assigned to partially oxidized residuabolwydrate (circled).

Comprehensively, gravimetric and spectroscopic yseal were consistent
with an AEL sample still rich in carbohydrates, evafter the cellulolytic
treatment, and also containing a large amount afized functionalities,
originated either by cellulose degradation or ligeide chains oxidation (or
both).
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5.2.7 Radical scavenging activity of AL and AEL

In recent years, agricultural by-products have bsted as fillers for the
production of polymer matrix composites/( 18). These fillers are not only
inexpensive but also able to minimize the environtalepollution. Moreover,
biodegradable lignocellulosic fillers possess savadvantages compared to
inorganic additives, such as improved mechanicapgrties and reduced
cost. It has been demonstrated that lignin canorgboth biodegradability
and physical and mechanical properties when addethése materials;
moreover, due to its antioxidant activity it carsalact as a stabilizer,
preventing polymer ageing3g). On the basis of these studies, a DPPH
radical scavenging test was performed on the ALAIBH samples and their
ICso values were compared to that of reference antiowgl(quercetin, rutin,
BHA, BHT) (Table6).

ICso PhOH ICso
(ng/ml) (mmol /g) (nmol PhOH/ml)
Rice husk lignin
AL 37.2 153 56.8
AEL 52.6 0.65 32.6
Reference
Quercetin 1.8 16.54 30.4
Rutin 4.3 6.55 28.3
BHA 4.5 5.55 247
BHT 10.4 4.54 47.4

Table 6. Radical scavenging activity of AL and AEL specimerexpressed as kg
concentration as a function of both the weightss{fsolumn) and the phenolic content (third
column). Values referred to dioxane:water soluti¢hs).

When the radical scavenging activity was expressed function of the total
phenolic content, lignins and referencegpl@alues were found to be overall
similar, demonstrating a close relationship betweemnber of phenolic

functionalities and scavenged DPPH radicals.
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Chemical modifications aimed at the introduction lgfophylic chains
represent potential approaches that may enhance afi@ity of
lignocellulosic fillers toward polymeric systemshdl next section of this
work is dedicated to the study of the thermal beéhav of poly(3-

hydroxybutyrate) based ecocomposites containingtiomalized AL and
AEL as filler.

5.3 Experimental results: biocomposites analysis
5.3.1 Screening: thermal stability of AL and AEL
The thermal decomposition of lignins was determibgdhermogravimetric
analysis under inert atmosphere and oxidative gihme. Before TGA run,
the samples were maintained at 110°C for 60 miglitninate the physically
adsorbed waters{). Figure 3 shows the TGA and DTG curves of AL and
AEL samples under air atmosphere.

100 s o 2
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Alkaline-enzymatic lignin_AEL
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Temperature°C)

Figure 3. TGA (dashed line) and DTG (straight line) curvesain atmosphere of AL (red
line) and AEL (blue line).

In general, the AL sample is found to be more tlathyrstable than the AEL.

The initial degradation temperature correspondng% weight loss () of
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AL sample is marked higher than that of AEL sam@él and 201°C,
respectively. The main degradation step occurshan temperature range
between 150 and 420°C and is associated with #ggfentation of interunit
linkages 62,53). Differently from AL, which exhibits a single welefined
peak of degradation centered at 332°C, the TGAeti@cAEL sample is
characterized by overlapping decomposition evenftbe multi-stage
decomposition with a main peak centered at 351°@ anpronounced
shoulder at about 250°C, indicates that the orgamiistances are released in
steps, which reflects that a different mechanismvslved. The presence of
a higher carbohydrates content in the AEL sam@dddo the differences in
the TGA and DTG patterns, being the residual caybdte moieties more
prone to thermal decompositio®4(55). Beyond 420°C both the lignins
continue to degrade at a much slower rate. Thehwéiogs registered in this
region is attributed to the decomposition of sonmndensed aromatic
structures %6). The oxidation of the char residue takes placetha
temperature range between 480 and 700 °C, with @ Biaximum at about
580°C, accounting for ca. 50% and 43% of the tet@ght loss for AL and
AEL, respectively. The larger mass loss ascribetthéachar oxidation for AL
sample is consistent with its higher purity andref@e higher carbon
content. The total weight loss for the thermograatime run on AL sample
was nearly 100%, whereas the AEL sample shows wtmaté residue at
750°C of about 1.5% due to inorganic components.

TGA experiments performed under inert atmospheriated out the high
thermal stability of AL sample and were characediby a noticeable non-
volatile residue at 750°C, 36% and 31% for AL ardLArespectively. The
residue was almost exclusively due to the formatbrhighly condensed
aromatic structures.

Comprehensively, the TGA experimental data evidéncggnificant

differences in the thermal degradation behaviouthefinvestigated lignins.
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These results are ascribed to the differencesein neparation as well as in
detailed chemical structure.

5.3.2 Screening: thermal properties of PHB-AL and PHB-AEL composites

Thin films of PHB/AL and PHB/AEL composites withffirent composition
were prepared by casting from chloroform. The hgf@atures, i.e. the lignin
purity, the molecular weight distribution and thenaunt of chemical
functional groups, could play an important roletime final biocomposite
properties. The thermal stability and the crystation behaviour of PHB-
based composites was therefore analyzed and cothpgreneans of TGA
experiments carried out under oxidative conditiohBermograms of pure

PHB, and AL and AEL biocomposites containing 15%lighin load are
reported inFigure 4.

100
PHB

- 80 PHB/AEL 15%
S 60 PHBJ/AL 15%
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§ 40
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150 250 350 450 550

Temperature°C)

Figure 4. TGA curves in air atmosphere of PHB (black linefiBRAEL 15% (red line), and
PHB-AL 15% (blue line).

On heating at 20°C/min, pure PHB volatilizes cortgdiein a single narrow
step from 220 to 320°C with a maximum rate of 1.§/min at 293°C.
Compared to the polymer matrix, both PHB-based asitgs show

differences in the values of the onset degradatidentified with the
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temperature at which 5% degradation occurs, andrmam rate degradation
temperature (Jay. PHB-AEL 15% composite showed an increase of 8°C
onset temperature {f) compared to pure PHB, while PHB-AL 15%
presented a higher increase, 12°C. PHB and PHB-AB% composite
showed similar Faxvalues, whereas the,dx of PHB-AL 15% was markedly
better, around 17°C higher. Summarizing, the welgés is slowed down in
both biocomposites and the PHB-AL composite presetite higher
stabilization effect on the thermoxidative degramfabf the polymer matrix.
The remarkable improvement in the thermal stabiktydue to a physical
barrier effect of the char yield. Indeed, the chets as a barrier to heat and
mass transfer, hindering the diffusion of the oxyfem the gas phase to the
polymer matrix and, at the same time, the out-difin of the volatile
decomposition products.

The DSC analysis of PHB and related biocomposib@satning 5% of lignin
is reported inFigure 5, where successive scans are displayed. The chbice
appropriate melting conditions is a key point fdnet analysis of
crystallization kinetics of PHB because of its loesistance to thermal
degradation §7,58). With the aim to delete previous thermal histand to
minimize the degradation of the macromolecules rhaihe melting was
carried out at 190°C for 3 min. During the coolisigp, the PHB sample
shows an exothermic peak of crystallization witmaximum at about 74°C
(Figure 5, black line). A similar trend is observed for tRéIB-AEL 5%
cooling scan, where the crystallization peak iftetlito 68°C Figure 5, blue
line). Differently, the PHB-AL 5% biocomposite doeet show exothermic
peak when cooled from the melt, while an exotherongstallization event,
peaked at 52°C, occurs during the heating stepesponding to the cold
crystallization from the amorphous stafegure 5, red line).
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Figure 5. DSC cooling and heating scans of PHB (black lif¢)B/AEL 5% (blue line), and
PHB/AL 5% (red line) samples melted at 190°C foniB.

Thus, the non-isothermal crystallization kineti¢$P#iB is influenced by the
presence of the lignin and the biocomposite comtgiAL showed a more
marked interference on the crystallization behavaiuhe PHB.

Pure PHB displays characteristic double meltingkpeat 163 and 171°C
(Figure 5). The first peak is due to the melting of the taisformed during
the primary crystallization and the second traasits assigned to the melting
of the crystals formed as a result of recrystdiiora on heating(59,60).
Likewise, these features are evidenced in both BBM:d composites, even
if less pronounced.

Altogether, the above reported results demonstrtatthe interference of
the acidolysis lignin on PHB thermal stability acnystallization behaviour is
stronger than that of the alkaline-enzymatic orteeréfore, a second part of
the study was devoted to the structural and moqggichl characterization of
PHB/AL composites and to the evaluation of theuefice of lignin content

on their thermal properties.
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5.3.3 Thermal stability of different PHB-AL composites

The thermal degradation behaviour of the PHB-AL glas) with lignin
content varying from 2.5% to 15%, was investigatgdl GA measurements
carried out under air flow, and compared to thatetérence PHB.

A first general observation is that the TGA and DE@ves progressively
shift towards higher temperature with the incraastkhe amount of AL in the
sample. Table 7 summarizes the characteristic temperatures ofveacti
degradation, i.e. 5k, a measure of the decomposition onsegy, the mid-
point of the degradation processmad the temperature of maximum
degradation rate, and the fraction of residual nedteat different

tem peratures.
Sample Tsw (°C)  Tso% (°C)  Tmax (°C)  Rueso(%)  Raoo(%)  Ruso(%)  Rsoo (%)
PHB 261 288 293 0.3 0 0 0
PHB/AL 2.5% 271 296 300 2 1 0 0
PHB/AL 5% 279 303 306 4 3 2 0
PHB/AL 10% 283 307 310 7 5 3 0.5
PHB/AL 15% 283 308 310 10 8 6 3

Table 7. TGA data under air atmosphere for PHB/AL biocomtessi sy, decomposition
onset; TFoy, Mid-point of the degradation processm,d temperature of maximum
degradation rate; R, percentage of residual matgridifferent temperatures.

It is observed that in the biocomposites the ihittaight loss takes place at
higher temperature than in pure PHB and thg, Value progressively
increases as the AL content is raised. Analogouwstythe amount of AL
increases, o9 and Tnhax Values increase. In general, the enhancementeof th
thermal stability of the composites depends orotitainment of an effective
dispersion of the filler into the polymer matrixGA results indicate that at
AL content up to 10%, the presence of charringitigstirongly interferes

increasing the thermal stability of the compositedeed, a progressive
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accumulation of carbonaceous residue, efficierdiirshielding, takes place
on the polymer surface. When the lignin amount hleac 15%, the
characteristic T-values result to be similar tosthwf the PHB/AL 10%
sample thus suggesting that the thermal stability of tiHBPAL composites
Is not proportional to the AL fractiomn contrast, the amount of non-volatile
material is strictly related to the AL amount irethiocomposites.

Therefore, AL content of 10% seems to represenfiianal concentration

in delaying the thermo-oxidative degradation of BB matrix.

5.3.4 Kinetics of crystallization
Isothermal crystallizations were performed at 11THCDSC. The weight
fraction of the material crystallized at timeX; , was calculated by the

relation:

X, =

o t—

(dH /dt)dt/ [ (aH /dt)/ c
0

where the first integral is the heat generated betwthe beginning of
crystallization and timd, and the second is the total heat generated at
complete crystallization.

Figure 6 reports theX; values as a function of crystallization time forgu
PHB and PHB/AL biocomposites.

It can be seen that characteristic sigmoid curvaft s the right with
increasing the AL content. From these crystalliratyves, the half-time of
crystallization, t;,, defined as the elapsed time from the onset uhgl
crystallization reaches 50% of the whole crystatian event, was derived
(Table 8). The presence of AL causes an increase in tr&adligation time
and a decrease in the crystallization rate. Theentloe lignin content the

more this effect is enhanced.
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Figure 6. Development of relative crystallinity with timerfeésothermal melt crystallization
of PHB (full black square), PHB/AL 5% (full red cle), PHB/AL 10% (full blue triangle),
and PHB/AL 15% (full green rhombus).

The isothermal crystallization kinetics of pure PHEBJ PHB/AL composites
is described by the well-known Avrami equati@i)(

1- X = exp (K t")
whereK, and n, i.e. the overall crystallization rate constand &me Avrami
index, respectively, are parameters dependindienype of nucleation and
on the geometry of the growing crystals.
Table 8 collects the values af andK, determined from the slope and the
intercept, respectively, of the straight lines aled by plotting log[-In(1X;)]
versus log t. For all samples, a straight line watlgood correlation was
observed over a wide range of conversiop\@&ues included between 0.05
to 0.95) and Avrami index close to 2 was obtainegtalues around 2 are
typical of a bi-dimensional growth of crystallinenits, developed by
heterogeneous nucleatior23]. The crystallization rate parametds,

decreases by increasing the AL content in the caitgo
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Sample ty/2 (Min) n Kn (min™)
PHB 6.1 2.2 0.0127
PHB/AL 2.5% 7.3 2.2 0.0078
PHB/AL 5% 8.1 2.1 0.0077
PHBJ/AL 10% 10.4 2.0 0.0066
PHB/AL 15% 14.1 2.0 0.0033

Table 8. Kinetics parameters for isothermal crystallization.

From the Avrami analysis, it is clear that the tallization of PHB, in its
pure state as well as in the biocomposites, isadharzed by the same
value. Thus, although the overall crystallizatiaterdecreases, the nucleation
mechanism and geometry of crystal growth into théBFpohase are not
affected by the presence of AL.

Figure 7 shows the POM images of pure PHB and PHB/AL 15%hmusite
taken during crystallization from the melt. The PeEBstallizes in a typical
spherulitic morphology. The well distribution of Almicroparticles or
aggregate of particles is displayed as an unif@xtute. The morphological
characterization by SAXS and WAXS (not reportednpeal out the presence
of AL particles having dimensions ranging from sotaas of nm to some
um, confirming the accomplishment of an effectivepdirsion of the filler

into the polymer matrix.

Figure 7. Polarizing optical photomicrograph of pure PHB tjleand PHB/AL 15%
composite (right).
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According to Chen and Chun2), the spherulite growth rat& can be
estimated by taking the first derivative of thetpdd the spherulite radius)(
vs the temperaturd), at each experimental point, when the crystdilrais
performed at constant cooling rate:

dr/dT = (dr/dt) (dt/dT)
wheredr/dt is the radial growth rate arf/dT is the reciprocal of the cooling
rate.
Figure 8 reports thes value for PHB/AL 15% composite and reference PHB
as a function of temperature. A decreasdsofalues was observed for the
ecocomposite into the whole temperature range.
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Figure 8. Spherulite radial growth rate of pure PHB (full&lrhombus) and PHB/AL 15%
composite (full red square).

The kinetics data showed that the addition of Auses a decrease of the
overall crystallization rate and the spheruliteiahdgrowth of PHB. Taking
into account that the PHB/AL 15% composite is cibuistd by two separated
phases, the interference on the crystallizatioeties is not attributable to a
diluent effect of the AL component. The depressibihe crystallization rate

is ascribed to the increase of energy related éttansport of the PHB
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macromolecules through the melt, caused by thespoesof lignin domains
(63). Hence, the presence of lignin domains interfénethe movement and

aggregation of macromolecules through the meltdyghper.

5.4 Conclusions

Rice husk lignin was isolated by means of acidolgti alkaline enzymatic
extraction procedure. The isolation methods lead ligmin samples
characterized by significant differences amongrth®lecular, thermal and
chemical features. The AEL sample showed a lowdeontar weight and a
higher content of carbohydrates, even after thdulogjtic treatment;
whereas the AL sample presented a high purity. flerdint behaviour was
also evidenced in the thermal stability as welhathe char formation.

The lignin characteristics gave rise to a differaffihity between the polymer
matrix and the lignin component, thus determinimgsichilar final properties
of the PHB-based biocomposites. The AL evidencedagked interference
on the thermo-oxidative degradation and the criyasgion behaviour of the
PHB. The PHB-AL biocomposite showed an enhancemérthe thermal
resistance, being the thermal degradation procdsfied to higher
temperatures. The increase of thermal stability @@served as a function of
the lignin amount in PHB-AL biocomposite series.eThddition of AL
caused a decrease of the overall crystallizatite aad the spherulite radial
growth of the PHB. The interference of the separaien-crystallizable AL
domains on the PHB kinetics properties was ascribetthe heighten of the

energy required for the motion of the macromolestieough the melt.
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6. ARCHAEOLOGICAL WATERLOGGED WOODS
CHARACTERIZATION

6.1 Background, objectives, and strategies
Archaeological wooden artifacts can survive beiterwet environments
where microbial and fungal activity is limited, ssthe case of underwater
shipwrecks. In aquatic environments anaerobic bactare primarily
responsible for the depletion of wood carbohydrakesving a porous and
unstable residual structure mainly consisting ghiln (1,2) which can easily
collapse during drying and needs specific consbbdatreatments. During
this process lignin can also be degraded or altevesbme extent but very
little is known about its chemical decay, althoupis believed to be limited
compared to the degradation undergone by celldodenemicelluloses].
The main chemical components in wood are cellulbsejicellulose, lignin
and extractives. Cellulose is a homo-polyme«f,4-glucose units with a
highly regular H-bonded network between its layespecially in the case of
crystalline cellulose, while hemicellulose is abmrydrate hetero-polymer
consisting of different monomers. Lignin is an guéar, cross-linked
polymer network, which is composed of randomly stlisked
phenylpropanoid units, basically derived from cenyf alcohol in softwoods,
and from both coniferyl alcohol and sinapyl alcomohardwoods.
High-resolution nuclear magnetic resonance (NMRJctpscopy has been
one of the most important analytical techniques4@ryears in the field of
organic and polymeric chemistry. Nevertheless, thember of NMR
contributions in the field of archaeological woodweaterials characterization
(4-6) has been very limited whereas NMR has been walkelbped in the
paper industry and related fields of applicatiofis8). Recently, high-
resolution nuclear magnetic resonance’i, developed in the field of
geochemistry to characterize fungal degraded wamoaldta evaluate lignin in

organic matter ) and sediments10), has been intensively used to
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characterize and elucidate the chemical structdrarchaeological wood
samples. The best results achieved in the eluonlati archaeological woods
structure has been summarized in an exhaustivevieverabout the most
promising™3C high-resolution solid-state NMR techniques relyemablished
by Bardet {1). Anyway, the solid statC-NMR is not sensitive enough for
a comprehensive characterization and quantificatioh all the
intermonomeric bonds which are representative @& lignin structure.
Furthermore, this technique is not able to detewt guantify important
functional groups such as carboxylic and alcohaolaieties. In order to gain
a complete picture of lignin chemical featur@®-14), liquid NMR analytical
tools such as qualitative and quantitative hetectmanr single quantum
coherence (2D-HSQC), quantitativeC-NMR and®*'P-NMR analysis, have
been adopted. The limit of this approach is tha¢ tthagnostic of
archaeological wooden objects is still based onitigsolation which may
result in some extent of chemical and structuratlification, even if mild
conditions are applied to the extraction procedure.

The three-dimensional lignin network that bindswbgellulosic components
together makes it practically impossible to dissolkood in its native form in
conventional molecular solvents. Thus, it is impott to find a non-
derivatizing solvent to provide efficient dissotuti and stability to varius
reagent in order to achieve an homogeneous reasti@nonment to preserve
the native structure of wood. lonic liquids (ILsQue arisen as such solvent.
In recent years, there have been lots of reportdigsolution of cellulose in
ILs and its application but solubilization of nailignocellulosic materials is
far more complicated due to their complex structdirem the three-
dimensional lignin network.

In ILs, both the cation and the anion of the sddtypa crucial role in the

dissolution of cellulose. The most promising casioare butyl or allyl

122



Results and Discussion

derivatives of imidazolium salts whereas countdoratie anion is usually the
most effective due to its hydrogen bonds destrogaqgbility.

ILs such as [amim]Cl can provide an homogenous ti@aamedium for
wood-based lignocellulosic materials. Highly sutoséid lignocellulosic
esters can be obtained under mild conditions bgtirega wood dissolved in
ionic liquid with either acetyl chloride or benzagtiloride in the presence of
pyridine. Alternatively, the lignocellulosic material can pbosphytilated by
reaction with 2-chloro-4,4,5,5-tetramethyl-1,3,2xphospholane in the
presence of pyridine as well. As a result, the fimmalized wood develops an
enhanced solubility in molecular solvents, allowirigr a complete
characterization by means of spectroscopic andwatagraphic techniques.
Nowadays, the most important goal in elucidatingotastructure is the
preservation of informations about the presence #red extent of any
additional interaction between lignin and differdmbpolymer found in
wood. Both GPC15) and*’P NMR analyses may provide evidence about the
presence of elusive lignin carbohydrate complex€xCs) (16,17) that may
be altered to some extent during chemical modiboat In this study is
investigated the chemical alteration of archaeakmgivoods samples, along
with the corresponding extracted lignin, collectieom the archaeological
site of the Ancient Ships of San Rossore (Pis&j)|tavhere over the last 10
years 31 Roman shipwrecks dating between the 2miairgeBC and the 5th
century AD have been discoveretB). The taxa of the examined woods
were: Arbutus unedo (Strawberry tree) an®uercus (Oak). The adopted
analytical approach integrated nuclear magnetionasce spectroscopic
techniques such as bidimensional heteronucleatlesiggantum coherence
(2D-HSQC-NMR) and phosphorous-31 nuclear magnetgomance 3tP-
NMR) with gel permeation chromatography (GPC) teedmaine chemical
features and molecular weight distributions for @@md the corresponding

extracted lignin.
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6.2 Experimental results
6.2.1 GPC analysis of extracted lignins
The ageing effects on the structure of archaecdbgvaterlogged wood were
at first evaluated by GPC analyses in order to daletpossible

increase/decrease in the average molecular weghtise extracted lignin

(Figure 1).
— Quercus_ref —— Arbutus U._ref
Quercus_archaeol L Arbutus U._archaeol \
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Figure 1. Overlapped GPC profiles of reference (black lian)l archaeological (gray line)
acetylated lignin extracted fro@uercus (left) andArbutus unedo (right).

Both the archaeological lignins underwent a limitkignification process
since no sensible shift towards low molecular wesgs observed with regard
to reference lignin specimen. Assuming the refezerspbund sample
representativity, it seems th&uercus lignin has been subjected to a
depolymerization process which mainly affected tigh molecular weight
fraction while Arbutus Unedo lignin underwent a comprehensive

consumption.

6.2.2 NMR analysis of extracted lignins

Lignin samples extracted from both archaeologicadl aeference sound
woods were further analyzed by 2D-HSQC-NMR spectipyg to identify
the principal intermonomeric bonds and to evaluatg significant changes

in the polyphenol chemical structure. The main rim@omeric units in
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lignin include: arylglyceroB-arylether B-O-4), phenylcoumaran (3{5),

pinoresinol B-f), and dibenzodioxocine (5-5-0O-4).

The analyses, reported Figures 2 and Figure 3, highlighted that all the
examined lignins were rich in arylglycerarylether units §-O-4). Cross-
peaks relating to other principal intermonomeriad® (-5, 3-p) were also
identified. These results confirmed and reinfor&atdet’'s and Colombini
conclusion 20): in ancient waterlogged woods the chemical stmactof

lignin is not heavily modified by the ageing progesand the principal

intermonomeric linkages are still represented.
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Figure 2. 2D-HSQC-NMR spectra of acetylated lignin extractexn archaeological (left)
and reference sound (rigluercus wood.
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Figure 3. 2D-HSQC-NMR spectra of acetylated lignin extractexn archaeological (left)
and reference sound (righftybutus Unedo wood.
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The extracted lignins were then characterized bgntjtative **P-NMR
spectroscopy in order to detect and quantify p-bygeumaryl (P-OH),
guaiacyl (G-OH), syringyl (S-OH) and condensed foeenolic units as well
as carboxylic acidsTable 1 reports thé'P-NMR quantification (expressed as
mmol/g of lignin) of different phenols and acidimrmaties for the extracted
lignins. All data were normalized on the Klasomligcontent.

Quercus - Quercus - Arbutus Unedo - Arbutus Unedo -

reference ar chaeological reference ar chaeological
Condensed Ph-OH 0,53 0,54 0,50 043
(mmol/g)
S-OH (mmol/g) 0,34 0,64 0,31 0,21
G-OH (mmol/g) 0,61 0,58 0,67 0,68
P-OH (mmol/g) 0,11 0,08 0,08 0,12
COOH (mmol/g) 0,11 0,23 0,24 0,32

Table 1. Extracted lignin —**P NMR analysis: content values of different freespdis
(condensed, syringyl, guaiacyl, p-hydroxyphenyld awotal acidic groups, expressed as
mmol/g of lignin. Data hormalized on Klason ligrdantent.

The free phenolic content did not appear notabfgect#éd by the ageing
process whereas a slight increase in total acidieties was observed,
according to an oxidative delignification. Suchcemprehensive conservation
of lignin structure and functionalities was in agreent with literature data
(21). The random trend of syringyl content was attiélouto the limited
reliability of the reference specimens.

6.2.3 GPC analysis of unprocessed woods

The development of alternative, strong hydrogendbaestroying solvents as
the ionic liquids gave a boost to the investigatainordinarily unsoluble

materials as wood powders. Therefore, GPC analyses also carried out
on benzoylated pulverized woods to facilitate thetedtion of all wood

components by UV detectio.he materials recovered after planetary ball
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milling were dissolved in ionic liquid, giving anomogeneous phase, and
benzoylated with benzoyl chloride in the preserfggyadine.

Figure 4 reports the GPC profiles of the unprocessed retersound wood
(black line) versus the analogue archaeologicaldMgpay line) for the two
wood taxa examined. Generally, the molecular weight distidns showed a
bimodal trend, due to the contemporary presenca &fction containing
cellulose and lignin carbohydrate complexes (LC&g&) a fraction composed
of partially free lignin. For all the ancient sampl(grey line) a significant
decrease in the wood molecular weight is detectadstly related to

carbohydrates cleavage.

— Quercus_ref — Arbutus U._ref
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Figure 4. Overlapped GPC profiles of reference (black liaeyl archaeological (gray line)
benzoylated pulverized wood Quercus (left) andArbutus unedo (right).

Quercus sound woodchromatogram (black line) showed a unimodal profile
whereas the GPC chromatogram Avbutus Unedo reference wood (black
line) highlighted the presence of partially fregnin as a shoulder in the
lower molecular weight region. MoreoveQuercus archaeological wood
(gray line) still exposed a pronounced shouldeatesl to the residual
polysaccharide fraction whil&rbutus Unedo practically lacked of this signal,

according to the higher Klason lignin contefrdlgle 2).
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Sample Klason Lignin (%)
Arbutus Unedo - reference 32,5
Arbutus Unedo - ancient 73,9
Quercus - reference 31,4
Quercus - ancient 58,7

Table 2. Klason lignin content in archaeological and sotefdrence wood

A comparison among these results may account fprinicarbohydrate
complexes (LCC) of different chemical type and rsgté that could interfere
in the degradation process, occurring with différdaterioration extent of
wood. An extensive network of LCCs or a their pnomced chemical
recalcitrance may also account for the moderatbobadrate consumption
observed for Quercus wood (Table 2). Altogheter, GPC analyses
demonstrated a deeper and faster degradation gbdlysaccharide matrix
compared to a limited delignification process, esdly in the case of
Arbutus Unedo wood, as also clearly conceivable from the Klalégmn data
(Table 2).

6.2.4 NMR analysis of unprocessed woods

Unprocessed archaeological woods and cellulasestéigereference sound
woods were subjected to 2D-HSQC-NMR and quantgativP-NMR
analyses in order to validate the spectroscopiclteesggained on lignin
specimens. The characterization of lignocellulasiaterials in their native
form is extremely valuable because, even if mildditons are applied to the
lignin extraction procedure, some extent of chemiead structural
modification should be taken into account. longuid such as [amim]ClI
provides an homogenous reaction medium for therisédion of wood-
based lignocellulosic materials, allowing for thesolubilization into

traditional molecular solvents.

128



Results and Discussion

HSQC spectra recorded on acetylat€liercus and Arbutus Unedo
archaeological woods~(gure 5) displayed the same signals found for the
corresponding extracted lignins. Furthermore, #it&orelative abundance of
the principal intermonomeric linkages were compkrabuggesting that the
chemical structure of the two lignin specimens wagligibly affected by the
adopted extraction procedure. This result confirnfexlv the acidolytic
extraction applied for lignin isolation was mild emgh to avoid any

significant degradation.
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Figure 5. 2D-HSQC-NMR spectra of acetylated archaeologica¢i@us (left) and Arbutus
unedo (right) wood.

In degraded wood the content of cellulose is gdiyevary low compared to

lignin, especially after long exposure to wet eamments, whereas in
reference sound woods the polysaccharide fractomstiutes about 65-70%
of the total weight. As a consequence, a compalistween the analyses of
archaeological waterlogged wood and sound referammma can be limited

by the presence of polysaccharides which couldi@émite the signal intensity
or interfere with the lignin analysis. Thereforeittwregards to reference
sound woods, an enzymatic purification is needecbrer to achieve a
sensible spectroscopic characterization of the gh@yolic fraction.'P-

NMR spectra were recorded for unprocessed archgiealowoods and
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cellulase-digested reference sound woods accotdirige set of conditions
described by King et al.2@). The integration values were converted to
mmol/g of hydroxyls for a 100% lignin representatio

Table 3 displays the®'P-NMR quantification of free phenols and acidic
moieties in archaeological and cellulase-digestefdrence soun@uercus
wood. According to the followed experimental praoges] is pointed out a

partial insolubility of the cellulase-digest€uliercus reference wood.

Quercuswood - Quercuslignin - Quercuswood - Quercuslignin -
ar chaeological ar chaeological reference reference
Klason lignin (%) 58,7 90,0 31,4 90,0
Condensed + SSOH 0,79 1,18 0,37 0,87
G-OH 0,27 0,58 0,32 0,61
P-OH n.d. 0,08 n.d. 0,11
COOH 0,44 0,23 0,18 0,11

Table 3. Quercus. unprocessed archaeological and cellulase-treafedence sound wood —
%P NMR analysis. Content values of different freemdis (condensed + syringyl, guaiacyl,
p-hydroxyphenyl) and total acidic groups, expresasdnmol/g of lignin. Data normalized
on Klason lignin percentage.

It is worth noticing that for both archaeologicaldareference sound Oak
wood, the quantification of phenolics moieties shdwa substantial

dissimilarity if compared to the corresponding Igmlata. Specifically, all

the data referring to the acidolytic lignin samplesre found to be larger than
the corresponding integrations on wood specimehis ffend may be due to
a high LCCs content which could reduce the numlbezxposed, available
phenolic functionalities because of the presenceovhlent bonds between
phenols and polysaccharides. This conclusion wsasalpported by the GPC
analyses. The increase in acid moieties for theviwod samples was related

to the presence of oxidized carbohydrates.
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Table 4 reports the®P-NMR quantification of free phenols and acidic
moieties in archaeological and cellulase-digestfdrence soundirbutus
Unedo wood.

Arbutus U. wood - Arbutus U. lignin - Arbutus U. wood - Arbutus U. lignin -
ar chaeological ar chaeological reference reference
Klason lignin (%) 73,9 90,0 32,5 90,0
Condensed + SSOH 0,59 0,64 0,44 0,81
G-OH 0,54 0,68 0,59 0,67
P-OH 0,10 0,12 0,07 0,08
COOH 0,37 0,32 0,33 0,24

Table 4. Arbutus Unedo: unprocessed archaeological and cellulase-treatiedence sound
wood —3'P NMR analysis. Content values of different freemiis (condensed + syringyl,
guaiacyl, p-hydroxyphenyl) and total acidic groupgpressed as mmol/g of lignin. Data
normalized on Klason lignin percentage.

With regard to the cellulase-treatédbutus Unedo reference wood, the
presence of a thick gel precipitate is noted. Hawein archaeological and
sound reference Strawberry tree wah@ phenolics content values were
found to be almost equal to the related extradigmin. This trend was in
agreement with the GPC analysis of benzoylatedreeée wood, which
showed a bimodal trend due to the presence offmttsaccharides (either in
a free or bounded form, or both) and free lignimg anay be recognized as
the proof of a low LCCs content. Again, the sligidrease in carboxylic acid
functionalities for the two wood samples under eixetion was related to

oxidized polysaccharides.

6.4 Conclusions
Little is known about the chemical transformatiasfsthe different wood
components during ageing. Under favourable conastiof low temperature
and low oxygen, wooden artifacts can survive undégwin a surprisingly

good condition.
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In this study, archaeological woods and referermeand woods of the same
taxa (Quercus andArbutus Unedo), along with the corresponding extracted
lignin, were fully characterized by means of phaspk-31 NMR
spectroscopy, two dimensional NMR spectroscopy KEERIC-NMR) and
GPC analysis. lonic liquids can provide a homogsn@action medium for
wood-based lignocellulosic materials. Highly sutogéid lignocellulosic
esters and phosphite esters can be obtained unidecanditions by reacting
pulverized wood dissolved in ionic liquid with e#h acyl chlorides or
dioxaphospholane in the presence of pyridine. Assalt, the functionalized
wood develops an enhanced solubility in molecutdvents, allowing for a
complete characterization by means of spectroscapic chromatographic
techniques. The samples were collected from tree@ithe Ancient Ships of
San Rossore (300 BC — 400 AD, Pisa, Italy) and fribm Riksapplet
shipwreck (1676 AD, Sweden).

The chemical structure of archaeological extratiggdns is still very similar
to the chemical structure of lignins specimensaisal from reference sound
wood of the samé&axa. Analyses upon the unprocessed woods pointed out a
deeper and faster consumption of the polysacchanateix and confirmed a
limited degradation of the polyphenolic fractioredides, on the basis of this
approach it was possible to assess the presemtesdie lignin-carbohydrate
complexes which may be altered to some extent duha lignin extraction
procedure. Altogether, chromatographic, spectrascapd Klason analyses
demonstrated a severe degradation concerning tteaewlogicalArbutus
Unedo wood. AncientQuercus wood, instead, showed an overall recalcitrant
behaviour towards chemical and/or biological degtiath which could be
related to the pronounced LCCs content highlighwed&PC and quantitative
3P NMR analyses for both the archaeological andeference sound wood.
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Experimental Section

GENERAL EXPERIMENTAL PROCEDURE

A comprehensive view of the experimental procedymglied in this thesis is
reported below. This general protocol has beenovi@d with slight
differences within each project.

The first scheme comprises a state-of-the-art pobtdor the material
compositional evaluation and lignin characterizatibhe second scheme has
been for the most part developed, implemented, iatedjrated during the

three years of the PhD by our research group.

Ash content

Klason lignin LIGNOCELLULOSIC Holocellulose
content MATERIAL content

Lignin Extraction

Acetvlati Phosphorus
cetylation Derivatization
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Dissolution into lonic Liquid
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7.MATERIALS

7.1 Reagents and materials
All reagents and solvents (ACS grade) were purch&sem Sigma-Aldrich
and used as received without further purification.
Rice husk was kindly provided by a local factongriBoldi S.p.A.;Arundo
donax and wheat straw, along with corresponding steapteebed samples
were supplied by a local factoriiscanthus sinensis was gently provided
during COST action FP0901.
Alkaline-enzymatic lignin was prepared by SCCPIi@ta Pulp and Paper
Research Institute, Milan) within a joined reseaactivity (LIGNOPLAST
project 2009-2011, financed by Fondazione CarigibXhe University of
Milano-Bicocca, SCCP and ISMAC CNR (Milan).
The poly(3-hydroxybutyrate) investigated was a caruial Biopol® sample
(My = 134500 g/mol, M/M, = 2.9) provided by ICI as a fine white powder.
Two fragments of archaeological waterlogged woaunfithe excavation of
the San Rossore Roman Harbor (Pisa) were provigetido Archaeological
Superintendence of Tuscany. Sound references waod frnished from
IVALSA CNR (Florence).

7.2 Materials preparation
7.2.1 Herbaceous plants
The four herbaceous substrates (rice huskyndo donax, wheat straw,
Miscanthus sinensis, 10 g) were crushed in a blender for 5 minutes and
passed through a 1 mm screen. The ground mateéhass obtained were
Soxhlet extracted with c.a. 250 mL of acetone fdr [®urs. The dry,
extractives-free samples (3 g) were milled in anetary ball mill for 20
hours at 300 rpm, using a 100 mL zirconium-grindimgwl| (zirconium
dioxide 95%) in the presence of 6 zirconium b&ll@ (nm in diameter each).
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In the case of rice husk also different millingipds were run (5, 10, 15, 30
h).

7.2.2 Wood

Fragments of archaeological waterlogged woods §1énd reference woods
were washed with deionized water, freeze-driedgmdnd in a mortar. The
wood powders thus obtained were Soxhlet extractéldl eva. 250 ml of an
acetone-water solution (9:1) for 48 h. Afterwarbeyt were submitted to an
alkaline extraction with (0.075 mol/L) NaOH for 1(hquid-to-wood ratio
50:1) to remove tannins and then dried in an oueb0aC until a constant
weight was reached. The dry, extractives-free pided woods were then
milled in a planetary ball mill for 24 h at 75 rposing a 100 ml zirconium-
grinding bowl (zirconium dioxide 95%) in the preserof 6 zirconium balls

(10 mm in diameter each).

7.3 Lignin content
The amount of total lignin was calculated as thm saf the acid-insoluble
(Klason lignin) and acid soluble lignin content, asared according to the
methodology reported by Yeh et al).(The values reported are the average
of 3 analyses £1.0% (P=0.05, n=3).

7.4 Ashes Content
Accurately weighed and dried samples (100 mg) warein tared, well
desiccated porcelain crucibles and placed in almiiifnace set at 550°C for
3 hours. The crucibles were then stored in a dawccuntil room
temperature was reached. The ash content was de¢errgravimetrically.

The values reported are the average of 3 analyk@%a{P=0.05, n=3).
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7.5 Biocomposites preparation
Different amounts of acetylated lignin samples weselubilized in
chloroform. PHB was also dissolved in chloroforninen the two solutions
were mixed and dried in rotavapor and in vacuum guim order to obtain
PHB/AL and PHB/AEL biocomposites with weight ratios 97.5/2.5, 95/5,
90/10, and 85/15.
Pure PHB processed under identical conditions wapgped as reference
material. The casting procedure does not modify gblymer molar mass
(M, = 133100 g/mol, M/M, = 3.1).

7.6 Enzymatic hydrolysis

Approximately 1 g of reference sound milled woodswigspersed in 35 ml of
acetate buffer (pH 4.5) in an Erlenmeyer flask.eAfthe addition of the
cellulase enzyme (40 FPU per gram of milled-woadlutase activity ~130
FPU), the flask was covered and placed in a shedteat 40°C for 48h. The
insoluble material remained after enzymatic hydsislywas collected by
centrifugation (3500 rpm, 30 min), washed with d®d deionized water
(pH 2) and freeze-dried.

8. EXTRACTION PROCEDURES

8.1 Acidolysislignin
The lignin extraction was performed according tamadification of the
milled wood method developed by Holmbom and Ste(#usThe pulverized
material (1 g) was refluxed under nitrogen atmosplier 2 hours ina 0.1 M
HCI dioxane-water solution (30 ml, 85:15) and tladiowed to cool to room
temperature. The insoluble material left after ilgrsolubilization was
collected by centrifugation (3000 rpm, 15 min). Thgernatant was added
dropwise into a 0.01 M HCI aqueous solution (250) mwwhich was then kept

at +4 °C overnight to allow for a complete lignimepipitation. The
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precipitate was collected by centrifugation (30pthy 15 min), washed with

acidified distilled water (pH 2) and freeze-dried.

8.2 Alkaline-enzymatic lignin (prepared by SCCP)

Dry rice husk was treated for 4 hours in 0.3 M Na@H90°C under
mechanical stirring. After cooling the solid restddwas separated from the
black liquor and washed with a 0.3 M NaOH soluti@tack liquor and
washing solution were combined and lignin was igaied by adding 5 M
HCI to reach pH 3. The precipitate was recovereadnyrifugation, washed
and freeze-dried. In order to clean lignin frombedrydrates contamination,
the sample was then subjected at two hydrolysssigth a crude cellulase
from T. reesel ATCC 26921 (50 U/g per step).

8.3 Extractivesisolation for DPPH colorimetric assay.

Extractives isolation was performed by means ofvestls possessing
different polarity in order to cover a solubilitarrge. Each extraction was
performed in duplicate. Dried ground rice husk (g)5was subjected to a
Soxhlet extraction for 6 hours with 170 ml of eitheater or ethanol or
acetone. After the extraction, the solutions wervenodried at 105 °C and
weighted. Thereafter, each residue was resuspeindédmL of methanol,
filtered on a tared 0.4hm GHP filters and centrifuged in tared centrifuge
tube (11000 rpm, 2 min) to eliminate methanol inbtd materials. The new
concentration of the extractives was calculated atdthe methanolic

solutions were kept at + 4 °C until needed for@PH colorimetric assay.

8.4 Preparation of holocellulose
Holocellulose was prepared according to a modibcatof the method
outlined by Chang et aB). Approximately 2 g of severely blended substrate

was placed in a 250 mL Erlenmeyer flask and leksna0 mL of water.
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Afterwards, 60 mL of a NaClO aqueous solution (596lavailable chlorine)
were added and 25 mL of glacial acetic acid wevevl§l incorporated under
stirring. After being covered with a smaller invattErlenmeyer, the mixture
was heated at 90°C. After 2 hours of oxidation, sbhéd residue left, i.e.,

holocellulose was filtered in a sintered glass itlecand oven-dried.

8.5 Extraction of Hemicellulose and a-Cellulose (4)

About 1 g of holocellulose was transferred in ai@eamouth 250 mL round
bottom flask. Using a dropping funnel, 50 mL of S®@Gueous potassium
hydroxide solution and 0.014 g of NaBkvere added under nitrogen
atmosphere at constant stirring for the extractibhemicellulose A. After 2
hours, the mixture was filtered off through a siatefunnel and the filtrate
acidified with glacial acetic acid until pH 5-6 wesached. The solid residue
recovered was then treated in the same way for @k®&action of
hemicellulose B but 24% aqueous potassium hydrowds used instead.
The acidified filtrate was then joined to the pomasly recovered
hemicellulose A solution. After the addition of atiol (200 mL), the solution
was kept at +4°C overnight to allow for hemicelkdoprecipitation. The
exceeding supernatant liquor was removed with aiwacassisted pipette.
The precipitate was then recovered by centrifuga{®000 rpm, 15 min),
washed with ethanol and freeze-dried. The insoluéddue left, designated
as a-cellulose, was thoroughly washed with deionizedewaethanol, and
dried with diethyl ether.

9. DERIVATIZATION PROCEDURES

9.1 Lignin acetylation
Approximately 60 mg of extracted lignin was acetigthin 2 ml of an acetic
anhydride : pyridine solution (1:1, v/v) kept ovigimt at 40 °C. After
stripping with ethanol, toluene and chloroform ({b x 3 times each), the
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sample was dried in vacuum and solubilized in THIPMSO-d for GPC
and 2D-HSQC-NMR analysis, respectively.

9.2 Benzoylation in ionic liquid

lonic Liquid, 1-allyl-3-methylimidazolium chlorid§amim]CI, 950 mg), was
added to the pulverized lignocellulose (50 mg) & mL dried sample bottle
equipped with a mechanical stirrer, vortexed andtdt at 88C until the
solution was clear (18 hrs, overnight). Pyridin@Q2iL, 2.6 mmol) was
added; the solution was vortexed until homogenemdasallowed to cool to
room temperature. Then benzoyl chloride (280 2.4 mmol) was added in
one portion and vortexed until a homogeneous paateformed. The sample
was kept under magnetic stirring at room tempeeatior 2 hours. To
precipitate the benzoylated product, a deionizetemethanol solution (1:3
vlv, 20 mL) was added and the mixture vigorouslgk&im and vortexed for 5
min. The solid was filtered off through a sinterfednel (grade 3), washed
with further ethanol and purified with methanol.rReylated samples were
solubilized in THF and passed through a 06 GHP Acrodisc syringe
filter for GPC analysis.

9.3 Acetylation in ionic liquid

lonic Liquid, 1-allyl-3-methylimidazolium chlorid§amim]CI, 950 mg), was
added to the pulverized lignocellulose (50 mg) # mL dried sample bottle
equipped with a mechanical stirrer, vortexed andtdt at 88C until the

solution was clear (18 hrs, overnight). After thkelition of pyridine (400 uL,
5 mmol) the solution was vortexed until homogenesns allowed to cool to
room temperature. Acetyl chloride (300 uL, 4.2 mmehs added in one
portion and the mixture vortexed until a homogersegallow paste was
formed. Afterwards, CHGlwas added in two portions (2pQ each) and the

mixture vortexed. Further CHE({two portions, 1 mL each) was included and
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the sample heated at 40 °C for 30 min, giving &.delear solution. The
sample was transferred in a 100 ml round bottoskflgith additional CHGI
to ensure complete recovery of the entire samplClg was then removed
under rotary evaporation. Then a deionized wateareil solution (1:3, 20
ml) was added to induce the product precipitatiol #he mixture was
vigorously shaken and vortexed for 2 minutes. Tokdswas filtered off
through a sintered funnel (grade 3), washed witthér ethanol and purified
with methanol. Acetylated herbaceous specimens welgbilized in THF,
filtered through a 0.4pm GHP Acrodisc syringe filter and subjected to GPC
analysis. Acetylated archaeological wood samplesewsolubilized in
DMSO-d; (800pl) to run 2D-HSQC-NMR analyses.

9.4 %P NMR Derivatization
9.4.1 Lignin
Accurately weighted samples (30 mg) were dissolweda pyridine-
deuterated chloroform solution (1.6:1 v/v ml, 840 containing 1 mg/mL of
chromium(lll) acetylacetonate, [Cr(acgcas relaxation agent. Then 100
of endo-N-hydroxy-5-norbornene-2,3-dicarboximide -HEDI)  solution
(121.5 mM, CDCJ/pyridine 4.5:0.5) was added, along with 100 of 2-
chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholasettee derivatizing agent
(5) to quantitate the amount of different labile hydr groups (aliphatics,
phenolics and acidic). Furthermore, the same prgeedas employed for the
specific determination of aliphatic hydroxyls dexvfromp-O-4 moieties in
herbaceous plants, using 100 of 2-chloro-1,3,2-dioxaphospholane as the
phosphorous derivatizing agent inste&jl {'P-NMR spectra were recorded

on 800ul samples.
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9.4.2 Wood

Accurately weighted wood powder (40 mg, about 1 inofdree hydroxyl
groups) was stirred in [amim]CI (500 mg) for 18t8@ °C in a 10 ml screw-
top glass sample bottle. Pyridine (200 2.50 mmol) was added in one
portion and the sample vortexed until visibly homogous (20 s). The
sample was allowed to cool to room temperature.nTRehloro-4,4,5,5-
tetramethyl-1,3,2-dioxaphospholane (300 1.89 mmol) was added in one
portion and vortexed until a cream-paste was formAd deuterated
chloroform stock solution of Cr(acacfl mg/ml, 500ul) was added in 4
portions (125ul each) vortexing between each addition. Finalty,eaHNDI
solution (121.5 mM, CDGlpyridine 4.5:0.5, 20@) was added in and the
solution vortexed. Further dilutions with the Cidag/CDCl; solution were
necessary to reach complete solubility of the sam(péquired optimum
dilution: 2000 pl)**P-NMR spectra were recorded on §0Gamples.

10. METHODS

10.1 GPC analysis

The analyses were performed on a Waters 600 Edlighromatography
connected to a HP1040 ultraviolet UV detector. Tijection port was a
Rheodyne loop valve equipped with a 20 loop. The GP-column system
was composed by a sequence of an Agilent PL geinb 500A and an
Agilent PL gel 5um, 10 A. The solvent used was tetrahydrofuran (Fluka
99.8%). PL Polymer Standards of Polystyrene fronyrmer Laboratories
were used for calibration. The PS-calibration cumas tested by means of
acetylated dimeric5 and 5,5lignin substructure)7( 8), tetrameric (9), and
hexameric (kindly provided by Prof. Sipila, Univigysof Helsinki, Finland)
lignin model compounds. The evaluation of the nurgwerage molecular
weight (M,) and the weight-average molecular weight,JNor the extracted
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lignin samples was performed according to the nulogy developed by
Himmel (10). The average molar mass of a polydispersed palywheresults
from several possible methods averaging the diftergpecies present,
according to the following formula:

M= N M"™ /2N M"
where N is a statistical weight associated to the fract@inmolecules
possessing molar mass;.Mhese averages may be expressed both as M
(number-average molecular weight, n=0) and ag Meight-average
molecular weight, n=1). The peak molecular weighy i1 defined as the
molecular weight of the species with maximum Moreover, the ratio | =
Mw/ My, called the Polydispersity Index, was also caleda The M, My,
and M, values reported are the average of three ana({#gs1000 g/mol;
Mn, Mp: 70 g/mol, P = 0.05, n = 3). Acetylated and bemateyl samples were
dissolved in THF (1 mg/ml), filtered through a 0.4% GHP syringe filter
and analyzed at a flow rate of 1 ml/min. Acetylasaanples chromatograms

were acquired at a wavelength of 280 nm, benzaylséenples at 240 nm.

10.2 2D-HSQC-NMR analysis
2D-HSQC spectra were run in DMS@-dn acetylated samples, to avoid
material fractionation before the spectroscopidyaig and to increase both
the solubility and the chemical shift dispersiontioé side-chain unitéll).
The inverse detectetH-"*C correlation spectra were recorded on a Bruker
Avance 500 MHz instrument at 313K. The spectraltividas set at 6 kHz in
F2 and 27 kHz in F1. Altogether, 128 transient36 time increments were
collected. The polarization transfer delay wasasd¢he assumed coupling of
140Hz, and a relaxation delay of 2 s was used. Spaetra were processed
using I1/2 shifted squared sinebell functions in both disens before

Fourier transformation. The assignment of predontisggnals in 2D-HSQC-
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NMR spectra was based on chemical shift data ofidignodel compounds
and milled wood lignin (MWL), as reported in liténae (12-14).

10.3 *P-NMR quantitative analysis
The*P-NMR spectra were recorded at 333 K on a Brukeante 500 MHz
instrument. All chemical shifts reported are refatio the reaction product of
the internal standard with the chosen dioxaphospigolwhich has been
observed to give a sharp signal in pyridine/CDQI3%2 ppm. The spectra
were integrated and the precise amount of therdiftefunctional groups was
calculated as described in literatuss]. The*'P-NMR data reported are the
averages of three experiments. The maximum starakanation of the data

was 2x1F mmol/g, while the maximum standard error was 1% rhénol/g.

10.4 Evaluation of theradical scavenging activity of extractives and
lignin.

The radical scavenging activity of rice husk exiraas, AL, and AEL
specimens was determined by means of a spectrasaspay involving the
consumption of the stable free radical originatgdD#PH in a methanolic
solution. 2 ml of a DPPH methanolic solution (6.0%IM, daily prepared)
were transferred in a cuvette and the absorbangew#s registered at 515
nm using a Shimadzu UV-2101PC spectrophotometegreHiter, different
dosages of a 0.5 mg/ml methanolic solution of eithater, ethanol, or
acetone rice husk extractives (25, 50, 100, gDCach) were added. The
cuvette was kept in the dark after mixing. When dnéoxidant activity of
lignins was measured, different dosages of tharligamples (0.5 mg/ml of
either AEL or AL, 100, 300, 400, 50 each) were dissolved in a dioxane-
water solution (9:1) instead of methanol.
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After 15 minutes, the absorbance (A) of the sohgiovas measured at 515
nm. The inhibition percentage of the free radicBIFPe (% I) was calculated
according to the following formula:

% | =[(Ao-A) / Ag] x 100
Methanolic solutions (dioxane-water 9:1 solutioneew the lignins were
concerned) of BHA, BHT, quercetin and rutin werstée as reference
antioxidants (0.5 mg/ml). The different extractivesncentrations tested,
expressed asg/ml, were plotted on a log dose-inhibition curVie resulting
linear calibration curves (water extractive$:=R0.9926; ethanol extractives:
R? = 0.9898; acetone extractives? R 0.9974: Acidolysis Lignin: R=
0.9980; Alkaline Enzymatic Lignin: &= 0.9968) were used to derive the half

maximal inhibitory concentration (Kg).

10.5 Thermogravimetric analysis (performed by ISMAC CNR)
Thermogravimetric analyses (TGA) were carried oot a Perkin Elmer
TGA-7 instrument with platinum pan. The sampleseMaeated at 20°C/min
in air or nitrogen atmosphere under a flow rate36f ml//min. TGA and
derivate thermogravimetry (DTG) curves were recdrilem 50 to 750°C.
The weight of the analyzed samples was 1.5 mgidmin and 4-5 mg for

biocomposites.

10.6 Differential scanning calorimetry (performed by ISMAC CNR)
Differential scanning calorimetry (DSC) measurersemére carried out on a
Perkin-Elmer Pyris 1 instrument equipped with aiilijsubambient device
and calibrated with indium standard. The sample plased in a sealed
aluminum pan and melt at 190°C for 3 min. The sanwds cooled to 10°C
at 10°C/min rate and then heated to 185°C withaa sate of 10°C/min. The
isothermal crystallization kinetics was investigatey DSC using the

following standard procedure: the sample was heapeid 187°C and held at
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this temperature for 3 min. Then, the sample wadecbat a nominal rate of
500°C min' to the selected crystallization temperaturg).(The heat flow
evolved during the isothermal crystallization wasarded as a function of
time.

10.7 Polarized optical microscopy (performed by ISMAC CNR)
The morphology and the growth rate of PHB sphesilivas determined by
polarized optical microscopy (POM) using a Nik&tlipse TE 2000-U
microscope equipped with a Mettler FP82 hot stagen sample films were
placed between two microscope cover glasses apdeaisinto the hot stage.
In a typical spherulite growth rate determinatiaine specimen was
maintained at 190°C for 3 min and then cooled anraemperature at

2°C/min. Nitrogen gas was purged through the ramjest
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