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“"Et ait Deus: “"Germinet terra herbam virentem et herbam
facientem semen et lignum pomiferum faciens fructum iuxta
genus suum, cuius semen in semetipso sit super terram”. Et

factum est ita.”

Genesis 1:11

“Omnia in mensura et numero et pondere disposuisti.”

Sapientiae 11:21
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1. ABSTRACT

This research project was focused on the use of
microwaves (MWs) as an alternative energy source,
microwave (MW), for pyrolytic treatments of waste
polymeric materials. Particularly it was focused on
processing waste biomasses using a multimode
microwave oven in a batch process using different
reaction conditions and correlating the products
obtained with the biomass tested and the conditions
adopted.

The liquid fraction, also known as bio-oil, has been
obtained with very interesting yields (from 20 to 40
%) and showed very promising performances (i.e. low
viscosity and limited water content). A large set of
analysis was run to characterize the very complex
nature of bio-oil: gas chromatographic analysis (GC-
MS, GC-FID; spectroscopic analysis (UV-Vis, FT-IR
ATR); NMR ('H-NMR); rheological and proximate
analysis.

Solids, also known as biochar, have been characterized
by FT-IR ATR, ultimate and proximate analysis to
assess its possible uses and proving to be suitable as a
solid fuel for carbon sequestration processes.
Furthermore the samples did not contain any
extractable materials.

o-cellulose was studied in order to evaluate the
behaviour of the main component of lignocellulosic
biomasses during microwave assisted pyrolysis (MAP).
With the same aim MAP of Kraft lignin at different
pressure was tested to correlate the residual pressure
on the yield of aromatics compounds generated from
the most abundant aromatic containing polymer.

Finally MAP of common wastes coming from different
lignocellulosic sources such as Arundo donax, Oliva



europea, Vitis vinifera, and different poplar clones,
were tested under different pyrolysis conditions in
order to evidence their behaviour during MAP
experiments.

Various degradation mechanisms of cellulose and Kraft
lignin were deeply investigated and some reaction
pathways proposed. The interaction between
microwave absorbers and feedstocks was also object
of this study.



2. INTRODUCTION
2.1 Lignocellulosic biomasses

Lignocellulosic biomasses are commonly identified as a
great number of different sources as algae, weeds and
woody biomasses. Among them woody ones are the
most available natural and renewable resources[1].
The global amount of lignocellulosic biomass is
presently estimated to be 1.24x10*> Kg, among which
80% is attributed to woody ones. Wood is exploited as
raw material for structural timber[2], sawn wood[3],
furniture[4] and pulp[5] but its use for energy
production in industrialized countries is presently
limited to pellets[6].

Wood is generally defined as the inner tissue of stems,
branches, and roots of perennial plants and it is
classified like hardwood and softwood Hardwood
means wood from dicot angiosperm trees while
softwood means from gymnosperm trees. The main
components of wood are cellulose, hemicellulose, and
lignin but it contains also other inorganic and organic
compounds as reported in Figure 1.



Figure 1: Scheme of main component of wood
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Amount of wood components is affected by several
parameters like the composition of the growing soil
[7], the climate [8], the harvest period [9] and the
species [10].

2.1.1 Components
2.1.1.1 Cellulose

Cellulose is a fibrous, high-crystallinity, water-insoluble
polymer, which is found in the protective cell walls of
plants, particularly in stalks, stems, trunks and all
woody portions of plant tissues[11]. Cellulose is the
most important wood component (up to 40% of total
weight in a common wood) having linear long chains of
D-glucopyranose units linked by B-(1,4) glycosidic
bonds as shown in Figure 2.

Figure 2: Basic structure of the cellulose
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The average molecular weight of native cellulose is
between 1.800 KDa and 2.500 KDa[12]. In industrial
pulping, cellulose is degraded to average molecular
weight among 180 KDa and 540 KDa[13].

Cellulose is one of the useful raw material for textile
industry as cotton [14], it is industrially modified to
produce viscose and rayon [15], biofuels [16] and
paper [17]. Furthermore cellulose is currently used for
a lot of fine applications like filler for polymers [18, 19]
or drugs [20], stationary chiral phase for liquid
chromatography [21], environmentally material for
building insulation [22], fire retardant [23] or
smokeless gunpowder [24].

2.1.1.2 Lignin

Lignin is a cross-linked macromolecule containing
several aromatic units, which are linked together by at
least ten different C—C and C—-0O bonds[25] and it
costitute up to 30% of wood weight. Lignin final
structure may derive in part from monomers and
conjugates other than the three primary monolignols
known as p-coumaryl, coniferyl, and sinapyl alcohols,
Figure 3.
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Figure 3: Example of a possible structure of lignin
with the three basic units evidenced

OH OH OH

Z P P
N

OCH; H,CO™Y "OCHj
OH OH

OH

p-coumaryl alcohol ~ coniferyl alcohol sinapyl alcohol

The plasticity of the combinatorial polymerization
reactions allows monomers substitution and significant
variations in final structure. The final irregular
structure of lignin arises from the last step of its
biosynthesis that is a random recombination of
phenoxy radicals as reported by Felby et al.[26].
Commonly lignin is isolated as pure, sulphonate or
Kraft derivatives from biomass feedstock as a residue
[27] from pulp and mills industry or from bioethanol
production[28]. For its many application Kraft lignin
gained an addressable global market [29]. Indeed it is
used as low energy solid fuels[30] as currently
employed as dispersant in high performance
conglomerate[31], for water treatment[32] and for
chemicals productions[33].



2.1.1.3 Hemicellulose

Hemicellulose is formed by heterogeneous groups of
polysaccharides along with cellulose in almost all plant
cell wall in the amount of 10-15% of weight.
Hemicellulose biosynthesis is mostly unknown and its
composition is highly variable. It can be classified in
six main different groups (Xyloglucans, Xylans,
Mannans, Glucomannans, CESA-CSL and mixed-linked
Glucans) [34] present in different amounts in all
species around the world.

2.1.1.4 Inorganic and organics components

Many inorganic components are present (Ca, K, Si, Mg,
Al, S, Fe, P, Cl, Na, Mn) as salts or oxide accordingly
with Vassilev et al.[35, 36]. Calcium, potassium,
magnesium, and phosphorus are the principal trace
elements in temperate woods. In fact as reported by
Pettersen et al. [37] the inorganic content is strictly
correlate to the region of the harvest. Woods from
tropical regions have a higher potassium and
magnesium content and a lower calcium content those
grown in the temperate forests. Obviously the
inorganic content is a straight consequence of the soil
compositions as reported by several authors[38, 39].

Organic extractives are one of the most interesting
component of biomasses and their description is out of
this study but for their great relevance two great
compounds families have to be mentioned:
alkaloids[40] and fatty acids[41].



2.2 Resources demand and consumption: from
fossil fuels to biomasses

The primary energy demand in 2010 was 5% higher
than the previous year [42]. In parallel, the
greenhouse gas emissions recorded a new peak, with
growth of 5.8% compared to 2009[43]. The increase
in primary energy consumption between 2000 and
2009 is concentrated in a few countries, primarily
India and China, and it was mainly driven by coal
consumption but this trend has been decreased in the
last years[44]. In Europe primary energy demand
grew by 3% compared to 2009[45] and the most
interesting trend consists of an increase from
renewable sources[46]. Anyway oil continues to be the
most widely used source in the world: in 2009,
constituted 33% of primary demand[47], followed by
coal (27%) and gas (21%)[48]. Renewable sources
instead meet the 13% and nuclear 6%[45] of total
demand. The coal accounted for almost 50% of the
increase in global energy demand by source from 2000
to 2010, driven mainly by China's consumption
(almost half of the global demand from this source).
The global demand for natural gas reached 3,284 Gm?
in 2010, an increase of 7.4% compared to 2009, one
of the highest growth rates recorded in the last 40
years. At the same time chemicals demand rise year
by year and in this optic the use of renewable resource
have been approached like a promising way to supply,
at least partially, the demand of chemicals[49]. There
are many examples as the study concerning
replacement of synthons for poly(ethylentereftalate)
with those produced from renewable resources[50] or
producing diesel addictive [51] and green solvent for
industrial purposes [52]. While there are many mature
and developing technologies for converting biomass to
liquid and gas fuels, one of the more straight-forward
means of exploiting biomass energy production



through the combustion of solids such as in the
application of conventional thermal power generation.
Nevertheless release of CO, during combustion is an
unneglectable environmental issue impossible to be
avoided. Anyway in the case of using biomasses the
general balance results as zero. Another important
task for chemicals manufacturing is the high content of
oxygen in raw chemicals from biomass sources with
respect to oil derivatives.

2.3 Lignocellulosic biomasses conversion to fuel
and chemicals thermal treatments

Thermal treatments of biomass without total or with
only partial combustion have the potential to offer a
major contribution to meet the increasing demands of
energy and chemicals from renewable sources avoiding
the production of CO,. This may be achieved through
different three pathways: gassification, liquefaction
and pyrolysis.

2.3.1 Gasification

Gasification is the conversion of biomass into a
gaseous fuel by heating in a gasification medium such
as air[53], oxygen or steam[54] generally at
temperatures >800 °C with or without a catalyst[55].
Products from gasification are a mixture of carbon
monoxide, carbon dioxide, methane, hydrogen and
water vapour. The gas produced can be standardised
in its quality and it is easier and more versatile to use
than the original biomass. As an examples it can be
used as fuel for gas engines and gas turbines, or used
as a chemical feedstock to produce liquid fuels[56].



2.3.2 Liquefaction

Liquefaction is a thermal depolymerization process
used to convert wet biomass into crude-like oil under
moderate temperature and high pressure[57] using
acqueous solvent[58], non-acqueous solvent[59, 60]
or sub-critical/critical media[61]. This process can be
performed with[62] or without a catalyst[60] that is
usefully for the improvement of properties of
products[63]. Products from biomass liquefaction show
interesting energy content for fuel application as
reported by several authors[64, 65].

2.3.3 Pyrolysis

Pyrolysis is a high temperature treatment which
breaks polymeric macromolecules giving compounds
having a lower molecular weight in free-oxygen
atmosphere[66]. A pyrolytic treatment leads to three
classes of products: a gas (volatile), a liquid, also
known as bio-oil, and a bio-char. Several technologies
were developed to convert efficiently any sort of
polymeric structure into useful products; it is achieved
by different heating technology[67], apparatus
design[68-71], and sometimes also a catalysts was
employed[33, 72, 73].

Among all available technologies this work was focused
on the use of an alternative energy source, the
microwave (MW), to supply the energy required to
induce the cracking reaction (microwave assisted
pyrolysis, MAP).
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2.4. Microwave assisted pyrolysis
2.4.1 Microwave and materials

MW heating shows a sound and worthwhile application
in several fields (food industry, chemical synthesis,
material science) due to the benefits of this heating
technology[74-76]. MW propagation through the air or
materials depends on the dielectric and the magnetic
properties of the medium. The electromagnetic

permittivity (€) expressed by a complex number :
4 ey N
=€ —7¢

The real component of the permittivity,e’, is
commonly referred as the dielectric constant. This
value vary significantly with the frequency and
temperature[77]. The imaginary component of

14

permittivity, €, is the dielectric loss factor (tand). A
material showing a low tand (<1072) is almost no
heated when MW pass through the material. Some
materials having this property are quarz or polyolefins.
On the contrary materials heated using MW are those
having dielectrics[78] or conductive properties. A
dielectric material contains permanent or induced
dipoles and when placed between two electrodes acts
as a capacitor. In this situation dipoles try to be
oriented with the electric field. The electric field
change very frequently causing reorientation of dipoles
and this movement cause a friction and consequently
the material is heated. A conductive material is
crossed by the electric field the charge movement
cause a heating due to the joule effect. For this reason
materials absorbing MW are heated. These behaviours
can be observed in metals as well as in carbon-based
materials having a graphitic texture[79].
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2.4.2 MAP: a promising tool for waste polymers
and biomass valorisation

In the last 10 years MAP gained a remarkable interest
for processing waste/contaminate plastic materials in
order to obtain fuels or raw materials[80-88]. MAP of
biomasses was studied by several authors to obtain
high quality bio-oils thanks to a fast heating at
moderate temperature (500-700K) followed by a rapid
quenching of the intermediate volatile products [89-
91]. Moreover MAP can be performed without finely
milling the feedstock because MW allows the
volumetric heating of sample [92], furthermore the
presence of water inside the material may enhance the
heating rate and mitigate the temperature reached
during pyrolysis  avoiding advanced cracking
degradation. Even if biomass can absorb MW the
addition of a MW absorbers, better if homogeneously
blended, improve significantly the quality/quantity of
the products formed [93].

MAP of biomass was deeply studied and the main
mechanisms can be rationalized in few different steps.
The first is the release of moisture from the feedstock,
increasing the surface area and improving the pore
structure, which favours a quick release of volatiles
and minimized char-catalysed secondary cracking.
After these primary degradation started other
reactions such as formation of levoglucosan from
cellulose[94] or formation of multisubstituted aromatic
rings from lignin[95] take place. The last step is the
occurrence of secondary reactions among the
intermediates present with formation of furans, small
organic molecules (i.e acetic acid, hydroxypropanone),
and char. Finally MW power may be easily controlled
and the reaction behavior may be tuned to achieve
mild pyrolysis conditions as reported by Undri et
al.[89].

12



2.4.3 Thermal heating induced pyrolysis and
MAP: briefly overview on differences

Actually the most usefully pyrolytic process for the
obtaining of bio-oils is the fast pyrolysis approach.
[67]. The conditions required for fast pyrolysis process
namely, dry feedstock needed (less than 10%), small
particles (less than 3 mm), short residence times (0.5-
2s), moderate temperatures (673-773 K), rapid
quenching at the end of the process and gave the
typical yields of bio-oil, char and gaseous products of
60-70%,12-15% and 13-25%,respectively. Fast
pyrolysis approach was used to process a spread of
materials such as algae biomasses[96] with low bio-
oils yield (around 24%), rice straw, sugarcane bagasse
and coconut shell[97] with general yields of 50-60
wt% of bio-oil. Nevertheless in each case the water
content into bio-oils was around 50 wt%. MAP
approach generally involved lower vyield of bio-oil
around 30-40 wt% [98-100] and spread values of
water content (from 20 to 30 wt%).

As in the case of the yields also the composition of bio-
oils is very different. In fast pyrolysis processes the
composition is strongly correlated to residence time
and for this reason it may vary very much for different
types of reactors such as fluidized catalytic cracking
[101] simple fluidized-bed reactor[102], auger
reactor[103], fixed-bed reactor[104], bubbling
fluidized-bed reactor[105]. Contrary to this variety of
reactors MAP approached generally involved the use of
batch monomode or multimode oven[106]. This
prevents to fix the temperature of the process and at
the same time allows to spread the variety of reactions
during the temperature increase of the process. So in

13



the case of fast pyrolysis the process can be orientated
to the production of different classes of compounds
such as phenols[107] or anhydrosugars [108] fixing a
proper temperature of the reactor and residence time
of feedstock. In the case of MAP this is also possible
but it require the use of additive as in the case of
levoglucosenone production[109], the application of
in-flow condenser systems or for reduced pressure in
order to change of the residence time of the products
inside the oven. But the spread types of reactors for
fats pyrolysis processes have the same problem: the
high cost for installation and maintenance up to
200000 $ [110, 111]. MAP industrial plants are
cheaper with and average cost of 20000-40000 $[112]
and they can be used with little modification both for
biomasses and plastic materials[86, 87].
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3.MATERIALS, INSTRUMENTS AND METHODS
3.1 Materials

3.1.1 Biomass sources

a-cellulose powder was purchased from Sigma Aldrich
dried until constant weight to remove moisture and
stored in nitrogen atmosphere at 269 K.

Lignin was supplied by BioChemTex-Mossi Ghisolfi
Group and it was dried up to constant weight to
remove moisture and stored in nitrogen atmosphere at
269 K.

Rhizomes, stems and leaves of Arundo donax were
collected during September 2014 from a single
ecotype growing in a nursery plantation nearby Sesto
Fiorentino, Florence, Italy (N 43°48’, E 11° 11/,
altitude 70 m) [113]. Rhizomes and stems were cutted
at a dimension of 30 x 30 x 8 mm while leaves at 30 x
30 x 1 mm.

Fresh residues form single pass pruning of olive trees
were collected on December 2009-January -2010 at
the Santa Paolina experimental farm of Trees and
Timber Institute, National Research Council, located in
Follonica, central Italy (42°55’ 58” N, 10°45’ 51" E,
17 m a.s.l.). Pruning residues were collected from 14-
year-old olive trees (O. europaea , mixed cultivars
belonging to Tuscany germoplasm) cultivated at
single-trunk free canopy at a spacing of 5 x 7 m as
reported by Spinelli et al.[114].

On August 2015, woody stems of current-year shoots
of Vitis vinifera (cv. cabernet) were collected from 10
years old plants growing in a farm nearby S. Vincenzo
(central Italy). Shoots were 40-80 cm long and they
were cut into pieces of 2-3 cm.

Stump-root samples of two hybrid poplars (P. deltoides
X P. nigra), named clone I and clone II were collected
on March 2013 from four years old plants growing in a
short rotation coppice poplar plantation (rotation 2
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years) at the Santa Paolina experimental farm of Trees
and Timber Institute-National Research Council,
located in Follonica, central Italy (42°55’ 58” N,
10°45’ 51”7 E, 17 m a.s.l.). Poplar stump-roots were
ground in a rotor mill and the chips were freeze dried
for 96 h and then used for chemical analysis. Mature
leaves of ten years old plants of Populus alba, named
clone III, growing in the garden of CNR in Sesto
Fiorentino (Florence) (latitude 43° 50’ 4” N, 11° 11’
71”7 E, 55 m a.s.l.)e were collected on August 2014.
After drying (72 h at 338 K) in a ventilated oven they
were stored in closed Erlenmeyer flask in nitrogen
atmosphere far from light sources.

3.1.2 Chemicals

The carbon powder, employed as MW absorber was
the solid from MAP of tires, metal wires depleted (C:
89.01 %, H: 0.83%, N: 0.48%, S: 2.0%). A more
detailed characterization of the carbon powder was
previously reported [88, 115]. Iron (purity 99.9%),
SiC (400 mesh), SiO;, (400 mesh), Al,O; and DMSO-d¢
(Aldrich 99.8%) were supplied by Sigma Aldrich and
used without any purification.

Analytical standard for GC-MS and acetonitrile
employed (99.99%, GC grade) were purchased from
Sigma Aldrich and used as received.

3.2 Instruments and methods

Ultra Centrifugal mill ZM 200 (Retsch, Haan, Germany)
equipped with a 12-tooth rotor and ring sieves or 0.75
and 0.25 mm trapezoid holes, respectively was used
for characterization of non structural carbohydrates,
starch and lignin.

High-performance liquid chromatography equipped
with a pre-column Guard Pak Insert Sugar Pak II
(Waters) followed by a SHODEX SUGAR Series SC
1011 8 x 300 mm column (Showa Denko, Germany)
was used to evaluate the sugar content of the

16



samples. The mobile phase was water, Milli Q grade, at
0.5 ml min"and compounds were quantified by means
of a calibration curve using the internal standard
method. One sample from each bio-oil was prepared
dissolving each sample (10 mg) in MilliQ water (1 mL)
obtaining a concentration of 10.00 mg/mL.

A Beckman Coulter DU 800 UV/Vis Spectrophotometer
employed at working at a wave length of 280 nm was
used to evaluate the lignin percentage.

Kinematic viscosity was detected according to the
ASTM method D 2854-00 wusing an Ostwald
viscosimeter thermostated at 298.14 K with a Julabo
model ME-18 V. Cyclohexane, chlorobenzene and 1,4-
dimethylbenzene were used as standards [116].
Density was determined with a pycnometer
thermostated at 298.14 K.

CHN analysis were performed using a Perkin-Elmer
CHN/O analyzer model 2400 Series II.

Values of theoretical effective heat of combustion
(EHC) were calculated according with Dorez et al.
[117].

FT-IR analysis were performed with a Shimadzu model
IRAffinity-1, equipped with a Golden Gate single
reflection diamond ATR accessory supplied by Specac
for liquids analysis and a sapphire cell (length 10 cm)
for gas analysis.

'H-NMR spectra were recorded with a NMR Varian
Mercury 400 using dimethylsulfoxide-dg (DMSO-dg) as
solvent. Residual hydrogens of the solvent were
employed as internal standard and spectra were
referenced to tetramethylsilane (TMS). The resonances
of protons were attributed according to the ranges
reported by Ozbay et al.[118] and classical NMR data
base [119], that is: 6§ 10.0-9.0 (aldehyde); 9.0-6.5
(aromatic, furan, and C=CH-OCC); 6.5-5.0 (phenolic
OH or C=CH); 5.0-3.3 (CH,-0-C; or CH,-O0C; or Ar-
CH,-Ar); 3.3-2.0 (CHs3, CH,, and CH linked to an

17



aromatic ring); 2.0-1.6 (CH, CH, of alkyl groups; CH,»
and CH in B position to an aromatic ring); 1.6-1.0
(CH,, CHs of alkyl groups, CHs in pB-position and CH,
and CH in y-position to an aromatic ring or ethereal
oxygen); 1.0-0.5 (CHs of alkyl groups or CH in y-
position or further of an alkyl chain linked to an
aromatic ring).

The water content was evaluated through !H-NMR
spectroscopy using the standard addition method.
Three spectra were recorded on the same sample:
pure solvent; after the addition of a weighed sample of
bio-oil, and after the addition of a known amount of
Milli Q water. Areas in each set of three spectra were
referenced to the area of the residual hydrogen of the
solvent used as internal standard.

Gas chromatographic analysis were performed using a
Shimadzu GC-MS QP5050A equipped with a capillary
column Petrocol™ DH 24160-U, (100 m length, 0.25
mm diameter, 0.5 pym stationary phase) using a 1:30
split ratio operating at 298 K for 15 min, then heated
at 2.5 K/min up to 523 K and kept at this temperature
for 15 min. A quadrupole mass (MS) detector, with a
70 eV electron ionization ions generator, operating in
the range 40-450 m/z was used. Other noteworthy
peaks were not detected at higher temperature. Total
ion chromatography (TIC) was obtained with a
signal/noise ratio of five. Compounds were tentatively
identified using the NIST mass spectral library and
composition was reported as concentration of single
compounds using response factors calculated as
reported in the following chapter and using diphenyl as
internal standard..

3.2.1 GC-MS quantitative method

Characterization of bio-oils is a difficult task because
they are composed by a very large number of
compounds. For this purpose a quantitative GC-MS
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method was employed to identify the compounds
present together with the evaluation of their
concentrations. Relative response factors (RRF) of
some standard compounds were experimentally
determined, while the RRF of the other compounds
were calculated according to an upgrading of the
method proposed by Undri et al.[120] for GC-FID/MS
as reported by Bartoli et.[121] for GC-MS.

3.2.1.1 Sample preparation

One sample from each bio-oil was prepared for GC-MS
analysis dissolving 50 mg of bio-oil in acetonitrile (1
mL) obtaining a concentration of 50.00 mg/mL. As
internal standard were employed diphenyl (0.5
mg/mL). Solutions of analytical standards were
prepared according to the same procedure, at a
concentration of 1.0 mg/mL in AcN.

3.2.1.2 RRF prediction

The relative response factor (RRF), with respect to
diphenyl, for analytical standards was calculated using
Eq.1; the results are reported in Table 1 in the
RRFfouna column, where the value are reported as
molar RRF
RRF; = MWe A C Eq. 1

and subscript “i” refers to analytical standard and “S”
to the internal standard (diphenyl); A s
chromatographic area; MW, molecular weight, and C
concentration in mg/mL.
The equation proposed to predict the RRF (called
RRF.a ) is reported in Eq.2.
RRE.. _rts - MW, - (BB ) +Q) Eq. 2

T rt e MW (BB i) + Q)
Where subscript “i” refers to an analyte, “S” to an
internal standard compound (diphenyl), and “k” to the

19



type of atom or group present into each compound
(Table 1); rt refers to the chromatographic retention
time; MW to molecular weight; Py, and Z., are
numerical parameters refined for each atom and
groups, n is the number of atoms or groups into
reference or standard compounds and Q a numerical
constant (Table 1). The numerical parameters P, and
Z and constant Q, used in Eq.2 were calculated and
optimized using the plugin “solver” of MS Excel. This
iterative procedure linearized the relation between the
RRFs experimentally evaluated with Eq. 3, reported in
Figure 1 (RRFsouna) for 34 reference compounds, and
the RRF¢,c Obtained with Eq.2.

Figure 4: Plott of RRF,c and RRFsoung and Eq.3

2 -
1 8 | RRFcak; =0.99 RRFfound Eq.3
! R2 = 0.97
1,6 4
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Table 1: List of standard employed with RRF,c and

RRI:found
Standard compounds RRF found | RRF caic

1 3-Penten-2-one 0.11 0.18
2 Furfural 0.13 0.16
3 Pyridine 0.16 0.14
4 Toluene 0.16 0.25
5 3-Methyl-2-butanone 0.17 0.16
6 Acetic acid 0.18 0.07
7 2,4-Pentandiol 0.18 0.26
8 3,3-Dimethyl-2-butanol 0.19 0.26
9 Butyraldehyde 0.20 0.10
10 Valerolactone 0.21 0.29
11 2-Pentanone 0.21 0.17
12 Anilin 0.21 0.28
13 p-Benzoquinon 0.22 0.22
14 Cyclopentanol 0.25 0.23
15 Salicylaldehyde 0.31 0.30
16 Cyclohexanone 0.31 0.31
17 1-Hydroxy-1-methylcyclohexane 0.33 0.43
18 Vanillin 0.33 0.41
19 Phenol 0.34 0.29
20 Sesamol 0.38 0.43
21 Guaiacol 0.43 0.34
22 Acetophenone 0.47 0.43
23 p-Xylene 0.49 0.37
24 Cinnamaldehyde 0.50 0.55
25 1,3,5-Trimethylbenzene 0.53 0.49
26 7-Methyloctadiene 0.55 0.49
27 (-) Carvone 0.66 0.69
28 Benzilidenaceton 0.66 0.68
29 4-Phenyl-2-butanone 0.67 0.65
30 4-Phenyl-2-butanol 0.72 0.68
31 Menthol 0.79 0.77
32 Endo (-) borneol 0.85 0.79
33 2.6-Ditertbutyl-4-methylphenol 1.15 1.19
34 Phenantrene 1.82 1.85
As an example the RRF of a specific compound, vanillin

for instance, using diphenyl as the internal standard

(Table 2) (where vanillin:

MW:

152.15; 8 carbon

atoms, 8 hydrogen atoms, 3 oxygen atoms, 1 ring, 3
double bonds, 1 carbonyl group, 1 hydroxyl group, 1
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ether group; diphenyl: MW:154,21; 12 carbon atoms,
10 hydrogen atoms, 0 oxygen atoms, 2 ring, 6 double
bonds, 0 hydroxyl group, 0 ether group), Eq. 2 could

be expressed as reported in Eq. 4:

RRFeac i
_rtg- 15215

Tort;- 12414
[(P-872) + (P 8") + (Py 3°) + (Puing1%in¢) + (Peec3%6=C) + (Peog1%6=0) + (Poy1%0%) + (Pooc 1%69¢) + Q]
[(Pe7%€) + (By7%1) + (Py2%0) + (Pring1%ine) + (Po3%e=c) + (Po 1%0) + (Peoc1%c0c) + Q]

Eq.4

The use of RRFs has provided a more accurate way to
obtain useful information from the analysis of bio-oils,
in comparison with the composition calculated using
only the area of the chromatographic peaks. This last
method, in fact, did not take into account undetected
compounds (non-volatile compounds in GC conditions
or non detectable products, such as water).

3.3 Process schemes

Pyrolysis were carried out in a MW oven working at
2.45 GHz, designed and supplied by Bi.Elle s.r.l.
(Italy). Two set-ups were used as shown in Figure 5.

22



Figure 5: Set-ups used during MAP experiments
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The first one was equipped with an oven with four
external MW generators, having an electric power
absorption of 8 KW, able of supply up to 6 KW of
microwave power inside the oven. It was equipped
with a wide angle measuring infrared thermometer,
which provides information on the overall temperature
inside the oven but not the temperature on the sample
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surface. Samples were placed in a 1000 mL
borosilicate Erlenmeyer flask inside the oven and
connected with two condensing systems cooled at 298
K and 263 K, respectively. Liquids were collected in a
flask and gas in a gas holder. This equipment was
called set up A. The second equipment, called set up
B, used the same MW oven but a fractionating column
was placed between the oven and the condensing
system. The column had a length of 0.2 m, internal
diameter of 30.0 mm, it was filled with glass spheres
having a diameter of 4.0 mm.

In MAP experiments samples (100 g) were
mechanically mixed with the MW absorber prior the
pyrolysis. The Erlenmeyer flask was introduced in the
oven then the MW (3KW) was supplied to induce the
pyrolysis process. Both set-ups were used at different
pressure in experiments with Kraft lignin. Pyrolysis
was stopped when gas evolution was not further
evidenced. At the end of the experiments when iron
was removed from bio-char using a magnet, then bio-
char was weighted and characterized. Bio-chars
containing carbon, SiC or graphite as MW absorber
were also characterized as recovered. Bio-chars
containing SiO, or Al,O3 as MW absorber were washed
several times with water and dried into a vacuum oven
at 50°C for 24 h, then residues were weighted and
bio-char quantified and characterized.
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4. RESULTS AND DISCUSSION

4.1 MAP of a-cellulose

4.1.1 Pyrolysis results

MAP of a-cellulose was performed with different MW
absorbers, to evaluate the relationship between
different MAP conditions, and the amount and
composition of bio-char, bio-oil and gas (Table 2).
Table 2: Experimental conditions and mass balance of
MAP of a-cellulose

— Absorber Products (%)
[=
£ T
3 5 =
o g kr s 37
= Type tan s 3 o &
o 1]
ID1 A 20 Carbon 0.57-0.80 723 15.7 32.6 51.7
[122]

ID2 A 33 Fe 2.7[123] 702 27.2 37.0 358
ID3 B 20 Carbon 0.57-0.80 745 16.2 30.0 53.8
[122]

ID4 B 37 Fe 2.70 [123] 681 23.6 37.6 38.8
IDS A 40 SiC 5.15[124] 659 58.3 29.9 11.8
ID6 A 33  SiO; 0.40 [124] 481 629 351 2.0
ID7 A 32 ALO; 0.86[125] 455 64.1 329 3.0
ID8 A 18 Graphite 0.57-0.80 532 26.7 28.5 44.7
[122]

a) temperature was determined according to Undri
etal.[126]

Different absorbers convert MW radiation into heat
with different efficiency and this allow to heat the
material more quickly or slowly. This behavior is
mainly attributed to tan & (Table 2) but a strict
correlation between results and dissipation factor is
hardly obtained because this parameter change with
the material and the temperature of the experiment in
a different way. Furthermore in the course of pyrolysis
the bio-char formed absorb MW and the global
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dissipation factor will be further changed. The
influence of the MW absorber on the fate of the
pyrolysis, was carried out and yield of char, bio-oil or
gas from MAP of a-cellulose was reported. Carbon as
MW absorber caused a large gasification of cellulose
reaching a yield up to 53.8%. On the contrary using
iron the formation of gas was reduced while the bio-
char was increased up to 27.3% (ID2). However the
better MW absorbers for the production of bio-char
from cellulose were SiO, and Al,Os;, that is the
absorbers having a low loss factor, because they gave
a bio-char yield of 62.9% (ID6) and 64.1% (ID?7),
respectively, with a very low amount of gas (2.0% and
3.0%, respectively).

Substituting carbon with iron as MW absorber, that is
using an absorber with a higher loss factor, an
increase of the solid from 15.7 to 27.2% and the liquid
fraction from 32.6 to 37.0% were obtained at the
expense of the gaseous fraction (see ID1 and ID2).
Surprisingly the use of SiC (ID5), that is the absorber
having the highest dissipation factor, involved a very
long reaction time with respect to ID1 and ID3 where
carbon or iron were employed. In this experiment
(ID5) abundant formation of a solid and a low gas
formation was observed. The use of graphite (ID8)
instead of carbon (ID1) as MW absorber involved the
production of a larger amount of solid and lower
production of liquid (using the same set up) even if
graphite and carbon must have the same dissipation
factor. Probably the different rheological properties of
these two solids or traces of impurity present in carbon
gave a different behaviour. In experiments ID6-ID8 a
temperature lower than the starting temperature
reported for thermal degradation of cellulose [127]
was observed. The presence of hot spots [74, 115] in
the bulk of the mixture between cellulose and MW
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absorber may be the cause of the large thermal
degradation of a-cellulose as shown in ID5-ID7.

Some experiments were carried out with two different
set-ups, where in the first the oven was directly
connected with the condensing system (set up A) while
in the second a fractionating system was inserted
between the oven and the condensing system (set-up
B). In this last arrangement high boiling materials
were not distilled but remained in the oven for a long
time causing a decrease of the liquid fraction and an
increase of gaseous and solid fractions (see ID1 and
ID3) when carbon was the MW absorber. Different
results were obtained using iron as MW absorber (see
ID2 and ID4) because the yield of bio-char was
reduced and those of bio-oil and gas were improved.
This different behaviour may be attributed to the
formation of compounds having a low molecular
weight that were easily distilled when iron was the MW
absorber while these compounds were not formed
using carbon as MW absorber.

4.1.2. Characterization of products

4.1.2.1 Bio-chars

Ultimate analysis showed a very low hydrogen amount
in all samples (Table 2) that is an almost complete
pyrolysis and, as a consequence, a very low values of
the H/C and O/C ratio [128, 129]. These data suggest
the use of this bio-char in carbon sequestration
processes [130]. An amount of hydrogen of 1 % was
attributed to the batch process employed where a
small part of the bio-oil remained in the oven due to
the absence of nitrogen as a gas of transport in all
experiments [34].
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Table 3: Ultimate analysis of char from MAP of a-
cellulose

Ultimate

Analysisa (o/o) O/C H/C EHccalc

molar molar

¢ H o ratio ratio [MJ/Kgl
ID1 84.7 14 139 0.1 0.02 29.6
ID2 798 14 1838 0.2 0.02 27.9
ID3 88.5 0.6 10.9 0.1 >0.01 30.9
ID4 79.0 0.2 20.8 0.2 >0.01 27.6
ID5 783 0.6 21.1 0.2 0.01 27.4
ID6 74.1 1.8 24.1 0.3 0.02 25.9
ID7 743 1.2 245 0.3 0.01 26.0
ID8 83.5 1.6 149 0.2 0.02 29.2

a) Calculated taking in account the presence of the MW
absorber
b) calculated as difference

All bio-chars are suitable to be used as solid fuels in
consideration of their EHC_, values (Table 2) after an
elutriation process in order to remove MW absorbents.

4.1.2.2 Bio-oils

4.1.2.2.1 Physico-chemical properties and ultimate
analysis

Brown liquids were collected in all experiments with
exception of ID5 and ID8 where clearly orange liquids
were obtained. Physico-chemical properties and
ultimate analysis of bio-oil from MAP of a-cellulose are
reported in Table 3

Bio-oils did not show any phase separation at room
temperature, however their density were very close to
1 g/mL with exception of ID6 (1.41g/mL) suggesting
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the presence of large amount of water. Viscosities of
bio-oils were in the range of 1.43-2.34 cP, lower than
those reported in several papers, sometimes up to two
orders of magnitude [131, 132].

Low values of EHC.. were attributed to high
concentration of oxygenated compounds (see ultimate
analysis and the following paragraphes on GC-MS
analysis) and water present in bio-oils.

Table 4. Rheological properties and ultimate analysis
of bio-oil from MAP of a-cellulose.

Ultimate

> 7 Z Analysis (%)  0/C & E

a £ 2 o J =~

c N o Y I 2

a = ] c H ©° w =

> e

ID1 1.09 2.34 19.6 84 720 3.7 0.4
ID2 1.09 2.03 19.8 89 721 3.6 0.4
ID3 1.09 2.16 13.5 2.5 84.0 6.2 0.3
ID4 1.07 1.89 11.4 2.7 859 7.5 0.3
ID5 1.05 1.43 143 127 73.0 5.1 0.4
ID6 1.41 2.13 12.1 84 79.5 6.6 0.3
ID7 1.18 1.59 11.3 84 803 7.1 0.3
ID8 1.07 2.14 206 9.2 702 3.4 0.4

a) Calculated as difference

4.1.2.2.2 1H-NMR

In Figure 6 are showed the 'H-NMR of liquid fractions
while normalized integrals, after subtracting water
resonance, are reported in Table 4.
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'H-NMR of all bio-oils showed a large abundance of
alkyl groups directly linked to oxygen or in a position
to C-O-C while signals of lower intensities were
present in the other regions of the spectra.
Resonances of mobile protons of carboxylic acids were
not detected and this absence may be attributable to
acid-base equilibria among acids and hydroxylic
functions with formation of protonated species or
hydrogen/deuterium exchange between solvent and
acids.

Surprisingly the resonances in the region between 4.5-
3.3 ppm, that is due to compounds containing CH,-O-
C; CH»,-0O0C; ring-join methylene, and Ar-CH,-Ar
moieties, showed high intensities when iron was the
MW absorber (ID5) and set up B was employed. On
the contrary these resonances showed a low intensities
when silica, alumina or graphite were used as MW
absorber (ID6-IDS8).

Figure 6: 'H-NMR of liquid fraction, water resonance
depleted

D8
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Composition (area %) of bio-oils from MAP of

Table 5

cellulose obtained from *H-NMR data
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Water content of bio-oils were evaluated through

lH_

standard method as

internal

NMR using an

reported in the experimental section and results are

shown in Figure 7.
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Figure 7: Water amount in bio-oils from MAP of
a—cellulose through *H-NMR analysis
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Carbon as a MW absorber (ID1 and ID3), gave the
highest amount of water (45-46 %) among all tests,
independent from the set up employed while iron as
MW absorber (ID2), gave a bio-oil containing 28% of
water. However increasing the reaction time of MAP by
the use of set up B, the amount of water was
increased up to 43% (ID4). These results are in
agreement with those reported by Undri et al. [89] in
the pyrolysis of wood pellets using a MW oven.
Pyrolysis using SiC or SiO, as MW absorber (ID5 and
ID6) required a long reaction time but leading to
obtain a bio-oil with a very low water amount
(respectively 14% and 13%). Also the use of Al,O3
(ID7) or graphite (ID8) as MW absorber gave a bio-oil
with a water content higher than that present in bio-oil
ID5 and ID6 but lower than 30% (respectively 28%
and 21%) confirming the strong influence of the MW
absorber on the water formation.

4.1.2.2.3 FT-IR ATR

Bio-oils were also characterized through FT-IR,
showing absorptions in the region of 1800-1700 cm™
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(vc=0) due to the presence of carbonyl and carboxylic

compounds while absorptions at 1650-1600 cm™ (vc=c)
suggested the presence of C=C bonds. Furthermore
bands in the region 1316-1050 cm™ (vc.on) showed the
presence of hydroxylated compounds. Stretching of C-
H bonds were also present, but with a low intensity, in
the region of 3200-2750 cm™ (ve-n ) with the exception
of ID5 where these bands had an higher absorbance
indicating the presence of large amounts of
hydrocarbon moieties, in agreement with the results
observed through *H-NMR analysis (Figure 8).

Figure 8: FT-IR spectra of bio-oils ID1 and ID5 from

MAP of a—cellulose
T%

ID5
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4.1.2.2.4 Quantitative GC-MS

All compounds identified in MAP of a-cellulose with
their experimentally found or calculated RRFs, are
reported in Table 6. The identification of the
compounds present was very useful for the suggestion
of the mechanism of pyrolysis. The TICs of the GC-MS
analysis of ID1-ID8 are reported in Figure 9 where
the peak of diphenyl, employed as internal standard, is
marked by a star.
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Table 6: Compounds identified in bio-oil from MAP of
o—cellulose

Concentration [mg/mL]

COMPOUNDS &

o - (s ® < n © N -]

Bla|8|2|e|8|g|6&
Acetaldehyde 0.04 | 12.0 | 15.6 | 14.1 [ 10.8 | 9.9 | 11.5| 6.8 | 50.3
Diethyl ether 0.08 | 0.0 0.0 0.0 [ 0.0 6.3 0.0 0.0 0.0
Vinyl acetate 0.06 | 0.0 | 10.7 | 0.0 | 12.7 | 0.0 | 23.8 | 2.9 | 22.6
Formic acid 0.05 | 27.1 | 58.1 | 41.3 | 49.0 | 80.6 | 37.3 | 26.7 | 67.6
Allyl alcohol 0.07 | 0.0 0.0 1.6 1.0 0.0 0.0 0.0 4.1
2,3-Butanedione 0.08 | 10.3 | 18.9| 12.6 | 12.9 | 15.5 | 15.6 | 10.2 | 0.0
2-Butanone 0.10 | 4.2 88 | 49 | 49 | 4.1 3.5 1.5 | 4.1
Acetic acid 0.07 | 47.4 [ 69.9 | 3.4 | 51.8 | 89.2 (120.6|101.2| 43.1
2,3-Dihydrofuran 0.11 | 1.4 2.6 2.3 1.8 0.0 0.0 0.0 1.3
2-Butenal 0.12 | 0.0 0.0 0.0 [ 0.0 1.7 0.0 0.0 0.0

1-Hydroxy-2-propanone 0.09 | 31.5| 5.7 | 32.4 | 23.6 | 49.7 | 68.1 | 49.8 | 36.9

Allyl butanoate 0.14| 0.0 | 0.0 | 0.0 [ 0.0 | 0.3 0.0 | 0.4 | 0.0
Methyl acetate 0.10| 2.9 |246| 0.0 [ 0.0 | 0.0 | 0.0 | 0.0 | 0.0
Benzene 0.16 | 0.0 | 0.0 | 0.0 [ 0.4 | 0.0 | 0.0 | 0.0 | 0.0

3-Methyl-3-buten-2-one 0.14 | 1.0 3.4 1.3 1.9 5.4 3.1 1.0 2.3

2,3-Pentanedione 0.14 | 0.8 2.3 1.1 1.2 2.6 3.0 1.5 4.8

1,3-Dioxol-2-one 0.09| 1.7 | 4.4 2.0 2.6 0.0 | 4.9 0.0 0.0
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2,5-Dimethylfuran 0.18| 0.0 | 0.4 | 0.0 | 0.3 | 24 | 0.0 | 0.0 | 0.0
3-Hydroxy-2-butanone 0.13 | 0.0 0.0 0.0 0.0 0.0 0.3 0.0 0.0
Propanoic acid 0.12| 14 | 0.8 | 25 | 1.4 | 0.0 | 6.7 | 187 | 2.9
Acrylic acid 010 1.3 | 1.3 | 1.4 | 1.2 [ 22 | 24 | 2.1 | 1.0
3-Penten-2-one 0.18 | 0.8 1.2 1.4 | 0.9 0.6 0.6 0.2 1.5
1-Penten-3-one 0.18 09 | 0.0 | 0.0 | 0.0 [ 0.0 | 0.0 | 0.0 | 0.4
2-Methylfuran 0.16 | 0.0 | 0.7 | 0.3 | 0.4 | 0.6 | 0.3 | 0.3 | 0.0
Methyl acrylate 0.13 | 0.3 0.8 0.7 0.8 1.4 0.0 0.0 0.1
2-Pentenal 0.21| 00| 00 | 00|00 {O01]00|O0.0] 0.0
5-Hexen-2-one 0.22| 00| 00 | 15| 0.0 [ 0.0 | 0.0 [ 0.0 | 0.0
Ethyl pyruvate 0.15| 04 1.3 0.0 2.7 0.0 [12.3 | 1.8 1.9
3-Butenyl propyl ether 0.27 | 0.0 0.0 0.0 0.0 1.2 0.0 0.0 0.0
1-Hydroxy-2-butanone 0.15 | 3.8 2.5 2.8 1.4 3.1 7.1 3.3 1.8
Methyl pyruvate 0.13 | 8.4 9.4 7.3 8.1 | 109 | 3.1 2.2 0.0
3-Methylbutanoic acid 0.21| 00 | 0.0 | 0.0 | 0.0 [ 0.0 | 0.0 | 28] 09
Toluene 0.25| 0.0 | 0.0 | 0.0 | 0.2 [ 0.0 | 0.0 | 0.0 | 0.4
Cyclopentanone 0.21 | 0.3 0.7 0.7 0.5 0.5 0.5 5.7 0.8
y-Butyrolactone 0.19 0.0 | 0.0 | 0.0 | 0.0 [ 0.0 | 0.0 | 0.0 | 4.7
Ethylene oxide 0.15( 0.0 | 0.0 | 0.0 | 0.0 [ 0.0 | 0.0 | 0.0 | 1.3
Allyl formate 0.13 0.0 | 0.0 | 0.0 | 25 [ 0.0 | 0.0 | 0.0 | 0.0
Tetramethyloxirane 0.27 | 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0
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Butanoic acid 0.18 | 0.0 0.0 2.0 0.7 0.2 3.4 0.0 0.0
2,4-Dimethylfuran 0.23 | 0.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Furfural 0.16 [ 20.3 | 1.8 | 23.9( 0.8 |83.1]| 3.1 0.0 | 48.3

Maleic anyhydryde 0.13 | 0.0 0.0 0.0 0.0 0.0 6.7 0.7 0.3
Crotonic acid 0.16 | 0.0 0.0 0.4 0.0 0.0 0.0 0.0 0.0
2-Cyclopenten-1-one 0.21 | 2.9 2.7 3.3 0.0 0.1 0.0 2.4 0.0
Methyl-2-furoate 0.17 | 0.0 [ 24.2| 0.9 0.0 0.0 [ 39.3 |40.5| 0.5
2-Ethyl-5-methylfuran 0.28 | 0.0 0.0 0.0 | 15.8 | 0.0 0.0 0.0 0.0
Allyl acetate 0.20 | 0.0 0.0 1.1 0.0 0.2 2.4 1.1 1.2
2-Oxopropyl acetate 0.19| 0.0 0.0 0.0 0.0 0.0 |11.7 | 1.8 3.7
1,2-Ethanediol diacetate | 0.21 | 0.0 0.0 0.0 [ 0.0 0.0 0.0 3.7 0.0
3-Methyl-2-pentanone 0.29 | 0.0 1.2 0.1 0.0 0.0 0.0 0.0 0.0
2-Methyl-1-pentanol 0.31 | 0.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2-Ethylbutanal 0.21 | 0.0 0.0 0.0 1.0 1.7 1.3 1.0 0.0
3-Hexanone 0.28 | 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0
T;::’h';‘:f;?aﬁ 025/ 04 | 00|04 |03|00]00]00]00
2-Methyl-3-hexanone 0.36 | 0.0 0.0 0.0 0.0 0.2 0.0 0.0 0.0
Acetoxyacetone 0.19 | 2.8 3.3 3.9 2.4 4.8 0.0 0.0 0.0
3-Furanmethanol 0.18 | 0.8 1.3 0.0 | 0.8 2.6 0.0 0.0 1.7
2-Furanmethanol 0.25 | 2.3 2.1 0.9 1.8 1.6 1.1 2.9 1.3
p-Methyl-2(5H)-furanone | 0.20 | 0.0 1.7 0.0 0.0 0.0 0.0 0.0 1.4
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R-Furanmethanol acetate | 0.23 | 1.1 0.0 0.0 1.4 2.4 2.2 0.0 0.0
y-Valerolactone 0.97 | 0.0 0.0 0.0 0.0 0.0 1.0 0.4 0.0
1-Methylcyclohexane 0.35 | 0.0 0.3 0.2 0.0 0.0 0.0 0.0 0.0
4-Cyclopentene-1,3- 1 0.19| 0.4 | 0.5 | 05 | 0.4 | 04 | 09 | 1.3 | 0.0
4-Methylcyclohexanol 0.35 | 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0
2-Ethyl-1,3-dioxolane 0.23 | 0.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1,3-Dioxolane 0.16 | 0.0 0.4 0.5 0.4 0.0 0.0 0.0 0.0
1,4-Butanediol 0.21 | 0.0 0.0 0.0 0.0 0.7 0.0 0.0 0.0
2(5H)-Furanone 0.18 | 5.5 4.2 4.8 4.6 4.2 | 11.0| 0.0 0.0
B-Methyl-2-butenoic acid | 0.22 | 0.0 | 0.0 0.2 | 0.0 0.0 0.0 0.0 0.0
2,3-Dimethyl- 04200 | 00|01 |00|00]00]00]o00
cyclohexanol
Methyl 2-butenoate 0.23 | 0.0 0.5 0.3 0.4 0.2 0.0 0.0 0.0
Glycidyl methacrylate 0.27 | 0.0 0.0 0.0 0.0 0.4 0.0 0.2 0.0
3-Methyl-2-cyclopenten- | 55 | 59 | 0.0 | 0.0 | 0.0 | 0.0 | 0.7 | 0.0 | 0.0
1-one
R-Methyl-2-Cyclopenten- | o 55 | o | 13 | 12 | 1.0 | 0.6 | 0.0 | 0.4 | 0.0
1-one
2-Acetylfuran 0.23 | 1.7 1.0 1.7 1.1 2.2 1.8 0.0 0.0
3-Methyl-2,5-furandione | 0.19 | 0.9 0.0 0.0 0.0 0.4 0.8 0.6 0.0
2,5-Hexanedione 0.28 | 0.6 0.5 0.6 0.3 0.3 1.7 0.0 0.0
4-Penten-2-one 0.23 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.2
3-Methylcyclopentanone | 0.32 | 5.3 3.0 3.9 3.3 2.9 7.0 0.0 0.3
Acetic anhydride 0.19 | 6.5 0.0 0.0 0.0 0.4 (104 | 2.5 7.1
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B-Methyl-3-penten-2-one | 0.32 | 0.0 0.5 0.0 0.0 0.0 0.6 0.0 0.0
p-Methyl-2(3H)-furanone | 0.23 | 0.4 0.0 1.5 0.7 1.0 1.7 6.6 5.0
A-Methyl-1-penten-3-one | 0.32 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4
5-Methyl-3-hexen-2-one | 0.37| 0.1 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0
Dihydro-3-methylene- | 4 53| o5 | 90 | 0.0 | 0.0 | 0.1 | 0.0 | 0.0 | 0.0
2,5-furandione
2-Methyl-1,3-dioxolane 0.22 | 0.0 0.7 0.0 0.0 0.0 1.1 0.0 0.0
Propylene carbonate 0.20 | 0.0 3.4 0.0 | 0.0 0.0 0.0 0.0 0.0
Vinyl propanoate 0.25 | 2.0 0.0 2.3 3.7 6.0 0.0 0.0 0.0
2-Oxobutyl acetate 026 1.3 | 24 | 1.7 | 2.2 | 55 |10.8| 9.3 | 0.0
Butylpropyl ether 0.43 | 0.0 0.0 0.0 [ 0.0 0.0 5.8 0.0 0.0
2H-Pyran-2-one 0.21 | 0.0 0.0 0.2 0.0 0.0 0.0 0.0 0.5
5-Methyl-2- 0.24 | 10.7 | 12.5| 10.4 | 11.3 | 15.7 | 16.5 | 19.0 | 15.5
furancarboxaldehyde
Tetrahydro-3- 018 0.0 | 0.0 | 00| 00|00 |31]00]17
furanmethanol
Tetrahydro-2-
furanmethanol 0.28| 0.0 | 0.0 | 0.0 | 0.0 [ 0.0 | 0.0 | 1.4 | 0.6
Phenol 0.29 | 1.9 2.0 1.7 1.8 0.0 3.2 0.9 4.2
Furan-2-carboxylate 0.23 | 0.0 0.0 0.0 0.0 0.0 1.7 0.0 0.0
3,4-Dihydro-2-methoxy- | 4, | 50 | 41 [11.4| 0.0 | 0.0 | 0.0 | 0.0 | 154
2H-pyran
Benzofuran 0.47 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.3
3,4-Dihydroxy-3-
cyclobutene-1,2-dione 0.14|149| 0.0 | 0.0 |10.2| 0.0 | 0.0 | 0.0 | 0.0
1,2-Dimethy!- 0.50| 03 | 0.0 | 00|00 o00]|00]o00]o00
cyclohexene
Glycidol 0.19| 0.0 | 0.0 | 0.2 | 0.0 [ 0.0 | 0.0 | 0.0 | 0.0
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4,5-Dimethyl-2-

044| 02| 00|02 |00|01]00]00] 0.0
cyclohexen-1-one
3-Methylbutanal 0.32] 00| 00|05 |00|00]00]00] 0.0
2-(2-Furanyl)-1-
oropamona 0.32| 0.0 | 00|00 |o00]|04]00]13]05
A-Methyl-5H-furan-2-one | 0.26 | 1.0 0.6 0.7 0.6 0.3 1.6 0.9 1.0
3-Methyl-1,2- 031 33| 00| 28|00]|27]|00]00]24
cyclopentanedione
2-Hydroxy-3-methyl-2- | , ,5 | 45 | 33 | 04 | 3.3 | 0.2 [12.4] 92 | 0.0
cyclopenten-1-one
5-Methyl-3-hexanone | 0.45| 0.5 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0
3-Pentanone 0.35| 0.0 | 0.0 |00 |00 |03]00]00]05
Guaicol 0.34| 00| 03|00 |00]|00]00]00] 0.0
1-Acetyl-2-methyl-1- |, ;o | o | 00 | 0.0 | 0.2 | 00 | 00 | 02| 00
cyclopentene
2,3-Dimethyl-2- 040 09 | 0.7 | 0.6 | 0.6 | 0.4 | 0.0 | 0.0 | 05
cyclopenten-1-one
2,3-Dimethyl-3-pentanol | 0.48 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.3
2-Acetyl-5-methylfuran | 0.33 | 0.0 | 0.0 | 0.0 | 0.0 | 0.3 | 0.0 | 0.5 | 0.0
5-Methyl-2(5H)-
Furyone 0.27| 00| 00 |00 |00]|05]|00]00]00
Orcinol 033| 18| 00|00 |00]|00]|o00]00]o00
o-Cresol 037] 10| 15| 12|16 |00]00]00] 20
Indene 0.61] 0.0 | 0.0 |00 |00 00]00]00] 02
R,5-Dimethyl-4-hydroxy- | >, | 39 | 43 | 209 | 37 | 35 | 6.0 |11.3]| 0.0

3(2H)-furanone
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3-Ethyl-2-hydroxy-2-

cyclopenten-1-one 0.36 | 0.6 0.1 0.3 0.3 0.0 3.2 0.6 0.0
1-(2-Furanyl)-ethanone 0.34 | 0.0 0.0 0.0 0.0 0.0 0.0 3.1 1.8
3-Methyl-ciclohexanone 045 | 0.4 0.0 0.3 0.0 0.0 0.4 0.0 0.0

3-Methylpyrocathecol 0.33 | 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0
m-Cresol

0.38 | 0.0 2.0 1.2 1.4 0.0 0.0 0.0 0.0

4,5-Dimethyl-2- 042 ] 00 | 0.0 | 00|00 02]00]00]o00

Cyclohexen-1-one

p-Cresol 0.37 | 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.6
Pentanal 0.35| 0.0 0.0 0.0 0.0 0.7 4.9 0.8 0.0
Menthyl acetate 0.71 | 0.0 0.0 0.0 [ 0.0 0.1 0.3 0.2 0.0
5-Hexen-1-ol 0.41| 0.0 0.6 0.3 0.5 0.0 0.0 0.0 0.0
2-Ethylcyclohexanone 0.46 | 0.0 0.0 0.0 0.0 0.0 0.7 9.2 0.0
Maltol 0.26 | 3.1 1.8 1.2 1.9 2.2 |11.2| 0.0 0.0
2,3-Dihydro-3,5-
dihydroxy-6-methyl-4H- 0.26 | 3.1 1.7 1.1 1.6 0.6 1.0 1.6 0.0
pyran-4-one
4-Methyl-1,3-Dioxane 0.33 | 0.0 0.0 0.0 0.0 0.9 0.0 0.8 0.0
2-Methylpentanal 0.44 | 0.0 0.0 0.3 0.0 0.0 0.0 0.0 0.0
Pyrocathecol 0.32 | 0.0 0.0 0.0 0.0 0.0 5.8 1.7 0.0
4-(5-Methyl-2-furanyl)-
2-butanone 0.54 | 0.0 0.0 0.0 0.0 0.1 0.2 0.3 0.0
Ethylene glycol acetate | >4 | 44 | 00 | 1.1 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0

monomethyl ether
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Dimethyl 3-hydroxy-2-

methylglutarate 0.39| 0.0 | 0.0 | 0.O | 0.0 | 0.0 | 0.3 | 0.0 | 0.0
3:5-Dihydroxy-2-methyl- | o 55| 47 | 21 | 29 | 23 | 1.9 | 0.0 | 0.0 | 0.0
4H-pyran-4-one
Ethyl crotonate 0.39| 0.0 | 0.0 | 0.O | 0.0 | 0.2 | 0.0 | 0.0 | 0.0
Dihydro-2H-pyran-
2,6(3H)-dione 0.27| 0.0 | 0.0 | 0.O | 0.0 | 0.0 | 0.0 | 0.0 | 0.4
Ethyl methacrylate 0.39 | 44 2.8 1.5 1.8 0.0 0.0 8.0 5.8
Hydroxymethylfurfural 0.28 (129 (124 | 4.3 7.0 5.8 | 25.7 | 13.0 | 13.2
4-Methylpyrocatechol 0.41| 0.0 | 0.0 0.0 | 0.0 0.0 0.9 0.0 0.0
Ethyl 0.40| 0.0 [ 0.0 | 0.0 | 0.0 1.8 | 0.0 | 0.0 | 0.0
cyclopropanecarboxylate
Triacetin 0.42]| 00 | 0.0 | 0.0 | 0.0 | 0.1 | 0.0 [ 0.0 | 0.0
1,3-Cyclohexanediol 041 | 1.5 0.4 0.4 0.0 0.0 0.0 0.3 0.0
4-Methoxy- 046 0.0 | 0.0 | 1.4 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0
ciclohexanone
2-Butene-1,4-diol 0.28| 0.0 | 0.0 | 0.O | 0.0 | 0.3 | 0.0 | 0.0 | 0.0
Methyl 3-
hydroxybutanate 0.34| 0.0 | 0.0 | 0.4 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0
1-(2,5-
Dihydroxyphenyl)ethano | 0.41 | 0.0 0.0 0.0 0.0 0.0 1.1 0.0 0.0
ne
5-Acetoxymethyl-2- | 4 55 | 5 | 90 | 0.0 | 0.0 | 0.1 | 06 | 0.6 | 0.0
furaldehyde
2,6-Dimethyl-4H-Pyran- | ; 55 | 60 | 0.0 | 0.0 | 0.0 | 0.0 | 0.5 | 0.0 | 0.0
4-one
tert-Butyl 3-
Oxobutanoate 0.52|1 0.0 | 0.0 | 0.0 | 0.0 | 0.3 | 0.0 | 0.0 | 0.0
2,2'-Bis-1,3-dioxolane 0.43| 0.0 | 0.0 | 0.3 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0
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3-Methyl-2-hexanone 0.62 | 0.0 0.0 0.0 0.0 0.1 0.0 0.0 1.6

Syringol 0.42 | 0.0 0.0 0.0 | 0.0 0.0 0.9 0.0 0.0

Tetrahydro-2-

furanmethanol acetate 0.47| 0.0 | 0.0 | 0.2 [ 0.0 | 0.0 | 0.0 | 0.0 | 0.0

5,5-Dimethyl-2(5H)-
furanone

L,2,4-Trimethoxybenzene | 0.55 | 0.0 0.0 0.0 0.0 0.0 0.3 0.0 0.0

Hexanoic acid 049 0.0 | 0.0 | 0.0 [ 0.0 | 0.0 | 0.0 | 0.0 [20.6

Levoglucosan 0.43 | 88.4 | 30.7 429|173 | 0.0 | 5.5 | 0.8 |133.9

Levulinic acid 0.37 | 2.8 1.4 1.2 |1 0.8 | 0.0 | 45 | 0.8 5.5
Galactitol 0.36| 00 | 0.8 |09 (00| 00| 00| O0.0]{O0.0

Ethyl 2-methyl-3-oxo-
butanoate

Sorbitol 036 39| 00| 20 (00| 00| 00| 0.0 { 0.0

sec-Butyl Propanoate 0.64 | 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0

3,4,4-Trimethyl-2-

cyclopenten-1-one 0.84| 03| 0.0 | 0.0 ( 0.0 | 0.0 | 0.0 | 0.0 | 0.0

sec-Propyl propanoate 0.64 | 0.0 0.0 0.2 0.0 0.0 0.0 0.0 0.0

3,4,4-Trimethyl-2-
cyclopenten-1-one

Total assignment 0% | 57.6 |47.1|46.5|45.8 |49.9 | 46.0 | 47.2 | 57.6

a) Total assignment was calculated with formula
:100*(summa of weight of assignment
compounds)/(weight of 1 mL bio-oil-water content
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Figure 9: GC-MS chromatograph of MAP of -
cellulose, diphenyl as internal standard is evidenced
with a star (*)
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Several authors [133-135] reported levoglucosan as
the main compound formed in the pyrolysis of
cellulose. It is not thermally stable and decomposes
with formation of furanosidic compounds as reported
by Kanugia et al. [136] and decomposition increases in
the presence of traces of alkali, as catalyst, as
reported by Lay et al. [137]. In Figure 10 are shown
the amounts of levoglucosan in the bio-oils formed in
the MAP of o-cellulose. Relevant amount of
levoglucosan was present in all samples with exception

43



of ID4-ID7 but the main factors causing the different
amount are hardly rationalized.

Figure 10: Levoglucosan content in bio-oils from MAP
of a-cellulose
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The thermal degradation of cellulose takes place
through different mechanisms [138] with high
production of levoglucosan however its formation is
strongly affected by the MW absorber using MAP. In
fact it decreased when carbon (ID1) was substituted
with iron (ID2) as MW absorber using set up A.
However different set ups did not affect the formation
of levoglucosan if carbon was employed as MW
absorber (ID1 and ID3) while iron as MW absorber
and set up B caused a drastic decrease of
levoglucosan as shown in ID4. Surprisingly the use of
other MW absorbers such as SiC, SiO, and Al,O3 (ID5,
ID6 and ID7) involved a drastic decrease of
levoglucosan concentration. This behaviour was
probably due to a catalytic activity of these MW
absorbers in the degradation of levoglucosan.
Surprisingly graphite as MW absorber (ID8) let to
obtain the higher amount of levoglucosan (133.9
mg/mL) among all pyrolysis tested. The different
concentrations of levoglucosan in ID1 and ID8 may
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be attributed to residual traces of metal in the carbon
used as MW absorber (ID1) according with the
analysis reported by Undri et al. [115]. It is in fact
reported by Richards et al., by Williams et al. [139,
140] that iron may catalyze the partial decomposition
of levoglucosan and more in general metal traces can
promote sugar degradation [141]. The results
obtained in ID4 were in agreement with these
suggestions.

Furans derivatives, acetic acid, acetaldehyde, 1-
hydroxy-2-propanone and formic acid were other
important products identified in all bio-oils in
agreement with the results reported by Collard et al.
[127] and Shen et al. [142]. These last authors
reported the formation of these small molecules
through fragmentation of carbonyl and carboxyl
containing compounds. Surprisingly some aromatic
compounds were identified in several bio-oils (ID1-
ID4 and ID6-ID8) even if their concentration was in
the range 2.6-12.2 mg/ml as reported in Figure 11.
Figure 11: Content of aromatic compounds in bio-oils

from MAP of a-cellulose.
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The formation of aromatic compounds from cellulose
during MAP was in agreement with results of Al
Shra’ah et al. [143] even if in this paper any
hypothesis on chemical pathways was reported, while
a mechanism of these formations was proposed in
Figure 12.

Figure 12: Proposed pathways for the formation of
aromatic derivatives
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Aromatic moieties may be formed by radical
rearrangement of glucose units into cyclic
polyhydroxyalkanes. These intermediates through
dehydration, tautomeric equilibria and hydrogenolysis
may give phenolic derivatives. Different stereocisomers
of cyclic polyhydroxyalcohol intermediates were
detected through HPLC analysis and these data
support the reliability of the pathways proposed for the
compounds identified through GC-MS analysis.
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4.1.3 Gas fraction

The gas formed through MAP pyrolysis were collected
and characterized by FT-IR analysis. These spectra
showed strong bands due to the presence of CO, and
CO with absorptions at 2300 cm™ (voco ) and 2150-

2000 cm™ (vco). Other bands in the range 3750-3500
cm? and 1875-1750 cm™ were attributed to the
presence of water vapor (von) while very small
absorptions were attributable to hydrocarbons. As an
example the IR spectrum of the gas collected in the
experiment ID1 is reported in Figure 13.

Figure 13: IR spectrum of gas fraction of ID1 from
pyrolysis of a—cellulose.

T%

L B L L B L L L B B
4000 3750 3500 3250 3000 2750 2500 2250 2000 1750 1500 1250 1000 750
- Tem

47



4.2 MAP of Kraft lignin

4.2.1 Pyrolysis results

MAP of Kraft lignin was carried in a multimode
microwave oven with a power of 3 KW using carbon as
MW absorber and different residual pressure, Table 7.
Table 7: Experimental conditions and mass balance of
MAP of Kraft lignin

C Yields
% [wit%]
(7)) o - ()]
s 2 £ ¢ 57T = _
1 g E = %_g .‘ﬂu .5 [0}
T T O F g= 9 : N
("] £ [ o ° 2 U]
c = o
(=)} o
3
ID9 A 1.98 20 723 1.0 36.8 43.6 19.5
ID10 B 2.00 16 681 1.0 47.6 264 26.1
ID11 A 2.00 13 638 0.13 45.0 27.5 27.6
ID12 B 2.00 19 721 0.13 41.4 25.5 33.1

ID13 A 1.99 9 720 0.013 33.2 37.7 29.1

ID14 B 2.00 15 618 0.013 58.4 27.1 14.5

ID9 was carried out at atmospheric pressure (1 bar)
for a preliminary estimation on MAP yields and
compounds. In this experiment using set-up A a bio-oil
yield of 43.6 % and a bio-char yield of 36.8% were
reached. Another experiment (ID10) was carried out
at the same pressure but with the fractionating
system. As expected, in this case, a lower bio-oil yield
was observed (26.4%) and an increased bio-char
(47.6%) and gas (26.1%) production in agreement
with Undri et al.[88]. Working with a residual pressure
of 0.013 bar, using set-up A or B (ID11 and ID12) a
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very close bio-oils yields that is almost the same than
ID10 was obtained (yield respectively 27.5% and
25.5%). These results were probably due to thermal
degradation reactions as shown in Figure 14.

Figure 14: Hypothesized chemical pathways for gas
phase degradation of high molecular weight lignin
fragments
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Very high molecular weight lignin fragments can be
dragged up from bulk by the gas streaming and
reduced pressure applied to the system. In the gas
phase these compounds may be involved in further
degradation reactions [95, 144] and produce light
products with other carbon particles[81]. Moreover
further carbon particles can be formed by cracking
reaction [127]. Lignin fragments having high molecular
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weight were not removed fast enough and rapidly
reacted to single ring aromatic compounds. For this
reason in ID11-ID12 production of bio-char was
increased (45-47%). On the contrary working at very
low residual pressure (ID13) an increased yield in bio-
oil was observed. This result might be due to a
reduced residence time and pressure adopted (0.013
bar). In this case condition may allow the rapid
evolution of high molecular weight lignin fragments to
products having lower molecular weight with a
decrease of other pyrolytic products. This hypothesis
was supported by the very short reaction time (9 min),
high bio-oil yield (up to 37.7%) and reduced bio-char
formation (down to 33.2%). The presence of a
fractionating system in (ID14) confirm this hypothesis
because a very high bio-char yield was obtained (58.4
%).

4.2.2 Bio-oils

4.2.2.1 Physico-chemical properties

All bio-oils collected were deep dark brown liquid at
room temperature. In Figure 15 physico-chemical
data of bio-oils are shown.
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Figure 15: Trends of viscosity and density values of

bio-oils
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As expected all density and viscosity values were
strong influenced by water content. They were close to
1 mg/mL with exception of ID14 that was significantly
lower (0.85 g/mL) in agreement with low content of
water and higher content of organic compounds.
Viscosity values were lower than those reported for
bio-oils obtained through pyrolysis from different
lignocellulosic materials[145].
4.2.2.2 'H-NMR analysis
As previously reported NMR technique was employed
for characterization of bio-oils to evaluate the amount
of water present. As an example in Figure 16 is
shown the 'H-NMR spectrum of ID13.
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Figure 16: 'H-NMR spectrum of ID13, water signal is
depleted

ppm

A high percentage of substituted aromatic compounds
were present in comparison with data previous
reported [90]. In particularly a great amount of
aromatic compounds with one or more alkyl
substituents were present. Moreover 'H-NMR analysis
showed the presence of ethers derivatives (Ar-O-R, R-
0-R) particularly in ID12 (up to 33.08%), unsaturated
compounds and a few aldehyde derivatives in all
samples. Signals of mobile protons of carboxylic
compounds were hardly detected but signals of
protons ina position to carboxylic groups were
abundant (region 2.5-2.3 ppm) particularly in ID9 as
shown in Table 9.
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Table 9: Composition (area %) of bio-oils from MAP of

Kraft lignin obtained from H-NMR data
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Figure 17: Water content (wt%) of bio-oils from MAP
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internal standard technique as reported and data are
of Kraft lignin

Water content of bio-oils was evaluated by using
shown in Figure 17.




L d 0,15
Jﬂ_l"L_l'
4596

00 //
g
E g
E T T
B e
H
-
;" H T
=

1]

o

09 oL 1T o2 13 o4

A water percentage of 26.8% was detected in ID9 in
agreement with the data reported in literature for
pyrolysis of lignin[131, 146, 147]. A very high water
contents were detected in ID10-ID12 in agreement
with experimental set ups and mechanism proposed in
Figure 14. Very low water content were detected in
ID13 (11.2%), lower than similar bio-oils reported in
literature [73, 148]. Also in ID14 a low content of
water was detected and it was attributable to residual
pressure (0.013 bar) employed in this experiment.
4.2.2.3 FT IR-ATR analysis

Bio-oils were analysed through FT-IR ATR technique
and spectra are shown in Figure 18.
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Figure 18: FT-IR ATR spectra of all bio-oils
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Broad bands in the range of 3750-3500 cm™ showed
the presence of water (voy) and carboxylic acid (vcoo).
According with water contents and water percentage
these bands were very strong in ID9 (acetic acid
concetration of 145.2 mg/mL) and ID11 (water
content of 50.4%). The presence of compounds with
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an aliphatic chains were confirmed by bands in the
range and 2950-2750 cm™ (vc.4). Meanwhile bands in
the range of 3250-3000 (stretching of CH of
methylenic groups) cm™ were not observed due to
overlapping with the close bands of vo4. Presence of
carbonyl moieties was evidenced by bands in the
range of 1875-1750 cm™ (vc—o) while bands in the
close range of 1660-1600 cm™ (vc—c) were particularly
appreciable in ID10-ID14 as well as bands in the
range of 1300-1100 cm*(vc.o and 8o.4). These bands
confirm the presence of aromatic compounds detected
in previous analysis.

4.2.2.4 Quantitative GC-MS analysis

Bio-oils were checked also by quantitative GC-MS
analysis and a very large amount of compounds were
identified (Figure 19).

Figure 19: GC-MS chromatograms of ID9 and ID14
are showed as case examples.
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All compounds identified in MAP of Kraft lignin with
their experimentally found or calculated RRFs, are
reported in Table 9.
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Table 9: Compounds identified in bio-oil from MAP of

Kraft lignin
w Concetration [mg/mL]
Compounds E
3l 8|8/ 8 |8|¢%8
Acetaldehyde § 11.0 | 0.0 7.2 0.0 0.0 0.0
Formic acid § 19.2 | 0.0 |00 | 0.0 [0.0 | 0.0
Methyl acetate E 0.0 | 117 |00 | 0.0 |0.0 | 0.0
Vinyl acetate E 00 | 0,0 |27 | 00 |00 | 00
2-Butanone i 0.0 4.7 0.0 0.0 0.0 0.0
Acetic acid g 195 1397 [s576 | 465 |00 | 955
1-Hydroxy-2-Propanone § 9.3 | 13.6 1%5' 86.5 |0.0 |[136.8
Acetic acid anhydride E 441 | 0.0 |05 | 0.0 |22.0 | 286
Benzene E 0.0 2.8 0.0 0.0 0.0 0.0
3-Hydroxy-2-butanone g 0.0 | 0.0 |00 1.7 |0.0 | 0.0
Propanoic acid g 0.0 0.0 2.9 0.0 0.0 0.0
2-Propenoic acid 5 00 | 0,0 |09 | 00 |00 | 00
3-Penten-2-one E 0.0 0.0 0.3 0.0 0.0 0.0
3-Propyl-cyclopentene § 00 [ 0.0 |00 | 21 0.0 | 0.0
1-Hydroxy-2-butanone g 00 [ 0.0 |39 | 24 |00 | 0.0
4-Penten-2-one § 00 | 00 |00 | 1.4 |o0.0 | 00
Dihydro-2,5-Furandione g 0.0 | 0.0 1.8 1.7 |0.0 | 0.0
Toluene E 24.1 | 214 |13 | 3.3 [21.0 | 4.2
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4,4-dimethyl-2-Pentanone § 0.0 0.0 0.6 0.0 0.0 0.0
Cyclopentanone ﬁ 0.0 1.8 1.2 1.2 0.0 0.0
2-Methylfuran § 0.0 | 80 [0.0 | 0.0 |10.6 | 0.0
2-Cyclopenten-1-one § 9.4 0.0 8.5 | 106 |0.0 | 14.1
Furfural 3 0.0 | 0.0 3.5 | 2.2 0.0 | 19.0
1-(acetyloxy)-2-Propanone E 00 | 48 |00 | 6.2 |[0.0 | 133
2-Furanmethanol E 21.4 | 16,9 [26.2 | 21.3 |[15.5 | 43.4
4-Cyclopentene-1,3-dione g 0.0 0.0 0.0 0.0 0.0 3.4
Ethylbenzene § 0.0 1.8 |0.0 | 0.0 1.9 | 0.0
1,3-Dimethyl-benzene § 5.2 19 0.0 [ 0.0 |0.0 | 0.0
2-Oxepanone E 00 [ 0.0 |00 |173 |[0.0 | 0.0
Butyrolactone g 0.0 | 11.0 |[0.0 0.0 9.9 0.0
1,2-Dimethyl-Benzene § 4.6 4.0 0.0 0.0 3.4 0.0
2(5H)-Furanone g 0.0 | 0.0 |20.0 | 00 |[0.0 | 456
Styrene g 00 [ 00 |00 | 00 |76 | 0.0
2-Methyl-2-;::::lopenten-1- § 0.0 as 19 16 0.0 6.9
1-(2-furanyl)-1-Butanone § 0.0 0.0 0.0 1.1 0.0 0.0
3-Methyl-2-;x(ezlopenten-1- § 34 | 37 |30 | 29 |00 | 84
Isobutane g 0.0 | 0.0 0.7 | 0.0 0.0 0.0
Propylene Carbonate g 00 [ 00 |09 | 00 |00 | 0.0
2,3-Pentanedione E 0.0 0.0 0.8 0.0 0.0 0.0
Phenol i 3.7 | 39.2 (155 | 20.8 |[50.1 | 34.3
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Pentanal f 0.0 | 00 (499 | 9.1 |0.0 | 61.0

Phthalic anhydride % oo | 00 |00 | 00 |75 | 00
Butanoic acid, anhydride § 51.6 | 0.0 |0.0 | 0.0 |0.0 | 0.0
1,2-Cyclopentanediol, trans- § 0.0 0.0 0.0 0.0 0.0 | 10.9
Caprolactone § 00 | 00 [35 |00 |00 | 00
Benzofuran g 24 | 00 |00 | 00 |00 | 51
2-Methyl-cyclopentanone § 0.0 0.0 |10.1 [ 20.6 |0.0 0.0
1,2,3-Trimethyl-benzene E 1.4 0.9 0.0 0.0 0.0 0.0
3-Methyl-1-hexanol g 0.6 0.0 0.0 0.0 0.0 0.0
z-zlzg;%);y;i_mffgxle_z- i 21 | 00 |00 | 00 |00 | 00
1-Meth|;)::z-::enethyl- g 34 | 00 |00 | 00 |00 | 00
cygl;h;:::;‘aﬂr;:&?;ne § 00 | 73 |86 | 0.0 |00 |13.1
bMeth:::;:::ethyl' i 00 | 19 |00 | 00 |00 | 23
c:él?’c;:ei:l:tl:yll::;e i 12 | 21 |11 ]| 00 |00 | 00
1-Ethyl-3-methyl-benzene E 23 | 00 (00 | 0.0 (0.0 | 0.0
Dihydro-f:;?:;:\él-Z(BH)- E 00 | 00 |13 | 00 |00 | 00
1-Ethyl-2-methyl-benzene % oo | 00 |00 | 00 |00 | 12
1-Methyl-i—é:;?neethylethyl)- E 00 | 00 |00 | 00 |00 | 1.9
Limonene E 0.0 | 21 0.0 | 0.0 |64 | 35
2-Methylphenol § 18.4 | 17.8 |4.7 0.0 [17.9 | 10.2
Indene E 4.5 2.0 0.0 0.0 4.7 3.0
2,5-Dimethyl-1-hexene g 0.0 0.0 1.4 0.0 0.0 0.0
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Acetophenone g 00 [ 00 |00 |00 |68 | 4.0
4-Methyl-phenol § 41.3 | 40.7 |0.0 | 17.5 |[52.6 | 79.1
2-Methoxy-phenol E 453 | 1.6 [25.0 | 39.5 |68.5 | 2.3
Oxepane E 0.0 0.0 2.0 0.0 0.0 0.0
3,4-Dimethyl-phenol ﬁ 09 | 3.0 |26 1.6 |0.0 | 0.0
1,6-Hexanediol f 0.0 0.0 0.8 0.0 0.0 0.0
3;52?:::;:2’:_;2’3;:' 5 00 | 00 |19 | 00 |00 | 00
2,4-Dimethyl-phenol E 4.0 9.9 0.0 0.0 0.0 0.0
2,3-Dimethyl-phenol E 35 | 1.5 |24 | 0.0 |56 | 0.0
4-Ethyl-phenol g 155 | 1.1 |51 | 7.0 [19.0 | 9.0
Benzoic acid 5 00 [ 0.0 |00 | 00 |69 | 0.0
2-Pentanone, 5-hydroxy- § 00 [ 00 |29 | 00 |00 | 0.0
2,5-Dimethyl-phenol E 3.1 | 159 (0.0 0.0 0.0 0.0
1-Methyl-1H-indene E 1.8 0.7 0.0 0.0 7.9 0.0
Dihydro;s;ap;%?‘\;l-Z(BH)- § 00 | 00 |27 | 00 |00 | 00
3-Methyl-1H-indene E 09 [ 00 |00 | 00 |59 | 0.0
(2-methylbutyl)-Benzene § 0.0 0.3 0.0 0.0 0.0 0.0
2-Methoxy-5-methylphenol i 2.0 1.8 |0.0 [ 0.0 |00 | 0.0
4-Ethoxy-phenol i 00 | 0.0 [0.0 | 55 |0.0 | 0.0
1,2-Benzenediol § 0.0 | 149 [16.9 | 0.0 0.0 | 11.1
2-Methoxy-4-methyl-phenol g 23.2 | 24.0 |16.8 | 17.0 |33.0 | 27.0
Propargyl butanoate E 0.0 0.0 0.7 0.0 0.0 0.0
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Naphthalene E 6.8 1.4 11 | 26 (378 | 6.6
2,3-Dihyﬂ:|‘t3i-:éz;c‘leimethyl- E 00 | 00 |00 | 00 |35 | 00
2,3-Dihydro-benzofuran E 164 | 63 |05 | 0.0 [0.0 | 0.0
3-Methyl-benzaldehyde E 00 [ 0.0 |00 | 0.0 ([29.3 | 0.0
2-Methyl-benzaldehyde E 0.0 | 0.0 |00 | 13.0 (0.0 | 244
2,3[-|:.D]ithhyigl';<:1-:::zo E 0.0 | 00 |00 | 00 |51 | 00
2,3-Dimethoxytoluene § 1.9 1.9 1.7 1.7 0.0 3.3
3-Ethyl-5-methyl-phenol § 00 [ 24 |00 | 00 |00 | 0.0
2-(1-methylethyl)-Phenol E 1.3 | 00 [0.0 | 0.0 |00 | 0.0
4-Methoxy-3-buten-2-one E 00 [ 0.0 |27 | 00 (0.0 [ 0.0
1-Ethoxy-4-methyl-benzene E 11 | 35 |00 | 0.0 |00 | 0.0
3-Methoxy-1,2-benzenediol § 93 | 81 |12.6 | 0.0 [18.2 | 10.5
H;’Eg:‘;‘_’;:;‘:;‘f":::::g;e' E 00 | 00 |77 | 00 |00 | 00
4-Ethyl-2-methoxy-phenol f 23.3 | 25.2 | 0.0 8.2 [11.9 | 8.9
Indane § 00 | 1.2 |00 | 00 |0.0 | 0.0
metz-yTgcde"tc::;)‘;\-ezr-lone 5 4041 00 10.0 100 100 1 0.0
1-Methyl-naphthalene § 0.0 1.1 0.0 0.0 [27.8 | 2.7
2-Methyl-naphthalene & las | 00 |00 | 00 |40 | 00
2,6-Dimethoxy-phenol g 49.1 | 36.9 |0.0 | 22.5 |[56.5 | 32.6
2-Methoxy-5-(1-propenyl)- I 50 0o | oo <3 20
phenol °
Eugenol E 80 [ 0.0 |00 | 0.0 (0.0 [ 0.0
2-Methoxy-4-propyl-phenol f 00 [ 23 |00 | 00 [0.0 | 0.0
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2,5-Dimethyl-2-(1-

methylethenyl)- E 46 | 00 |0.0 | 0.0 |0.0 | 0.0
cyclohexanone

1,2,4-Trimethoxybenzene 5 0.0 0.0 0.0 3.6 17.3 | 8.2
1-Ethyl-naphthalene § 0.0 0.0 0.0 0.0 5.1 0.0
2,6-Dimethyl-naphthalene 5 00 [ 0.0 |00 | 0.0 (5.1 0.0

4-Methoxy-3- g
> [11.8 | 0.0 |00 | 0.0 [0.0 | 0.0

(methoxymethyl)-phenol °
1,8-Dimethyl-naphthalene § 00 [ 0.0 |00 | 00 (108 | 0.0
1,6-Dimethyl-naphthalene § 00 [ 0.0 |00 | 00 (133 | 0.0
2-Methoxyl;:;(nlo-lpropenyl)- § 13.1 | 00 |00 | 65 {378 | 0.0
1-(4-hydroxy-3- 2 loo | 08 |00 | 00 |00 | 00

methoxyphenyl)-ethanone °
3-Methyl-1,1'-biphenyl f 0.0 | 0.0 [0.0 | 0.0 125 | 0.0
Acenaphthene f 00 [ 0.0 |00 | 0.0 |31 0.0
1,2,3-Tr|mb¢:trl‘1:exl¥e-5-methyl- E 74 | 0.0 |00 | 0.0 |00 | 0.0
1-(3,4-dlEr:I:at:g);zphenyl)- § 6.6 | 0.0 |00 | 0.0 [166 | 0.0
ZIilasl;:{:\r:l‘:?ew- § 00 | 0.0 |00 | 0.0 |81 | 0.0
2,6-Dimethoxy-4-(2- X loo | 00 |00 | 00 [202] 47

propenyl)-phenol °
Diethyl Phthalate E 0.0 0.0 |38.9 | 0.0 0.0 4.8
Fluorene § 00 | 0.0 |00 | 0.0 |54 | 00
1-Methyl-;—e(r?zh::glmethyl)- 5 00 | o0 0o | oo ”0 0.0
3’;’:;:;:?:;33:"' E 00 | 00 |00 |00 [37 | 00
Anthracene % 0.0 | 0.0 0.0 | 0.0 5.9 0.0
8 ,E"a:', o 98.8 | 83.0 |95.4 | 69.6 [99.9 | 95.8

7]
SQug®

62




a) Total assignment was calculated with
formula:100*(summa of weight of all assignment
compounds)/(weight of bio-oil-water content)

A great amount of aromatic compounds were detected
in agreement with the formation of primary pyrolytic
products from MAP of lignin as reported in Figure 14.
However aromatic compounds (Figure 20) in bio-oils
was significantly different by each other bio-oil
previously reported

Figure 20: Aromatic percentage calculated on total
assignment compounds.

100 -

m fﬂ_jt*tl“t

11 12 ID13

Aromatic percentage [%a)

Different percentages of aromatic compounds were
strongly connected with set up and residual pressure
used in MAP experiments. Working with a residual
pressure of 1 bar and the fractionating system (ID9-
ID10) a little increased in aromatic compounds was
detected (around 4%). A similar trend was observed
working with residual pressure of 0.013 bar (ID11-
ID12) but in this case, a large amount of non
aromatic compounds was formed. These results were
in agreement with the large production of carbon in
these two experiments as reported in Table 6. In
those experiments where a residual pressure of 0.013
bar and set-up A was used, a great percentage of
aromatic compounds was detected (ID 13) indeed in
(ID 14) a similar concentration to ID12 was achieved.
According to the pathway proposed in Figure 14 the
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fractionating system may promote a degradation of
high molecular weight compounds with an increase of
advanced pyrolysis products such as acetic acid (95.5
mg/mL) or 1-hydroxy-2-propanone (136.8 mg/ml)
while these compounds were not present in ID13.
Furthermore these compounds were largely present in
experiments with room pressure (ID9-ID12), with a
concentration of the acetic acid up to 145.2 mg/mL
(ID9) and a concentration of the 2-hydroxy-2-
propanone up to 105.3 mg/mL (ID11). A similar trend
was observed for 2-cyclopenten-1-one, 2-methyl-2-
cyclopenten-1-one, 2-methyl-2-cyclopenten-1-one
that may be formed from degradative cyclization
reaction of lignin aromatic side chains. A little
percentage of multiple rings aromatic compounds such
as naphtalene and its derivatives produced by radical
rearrangement of single rings aromatic compounds
was present among aromatic compounds. The main
aromatic compounds present were phenol and its
derivatives like guiacol, syringol, cresols and their
alkylated and methoxylated derivatives. A low amount
of aromatic compounds having a long alkyl chain
(three or more carbon atom) such as eugenol,
isoeugenol or 4-allylsyringol were also detected. These
compounds were formed through decomposition
process that involved these chains with a production of
non aromatic compounds in agreement with
Yang[131].

Particularly interesting is the presence of 2,3-bihydro-
benzo [b]thiophene, 5.1 mg/mL in ID5. The presence
of this compound was a proof that a part of the
original sulphur content of Kraft lignin was retained
into bio-oils as polycyclic organic compounds and they
were not converted into light alkyl derivatives as
showed in Figure 21
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Figure 21: Radical degradation of sulphide functions
on aromatic moiety of Kraft lignin
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4.3 Arundo donax

Arundo donax (A. Donax) is a perennial rhizomatous
cane, native to Eurasia (subtropical regions),
ubiquitary in mediterranean basin [149] and
considered invasive in many region of the world. A.
donax has a fast growth rate and it may adapt to
different soils and climatic conditions [150]. For these
reasons it is commonly proposed as feedstock for
bioethanol [151] and biofuels production [152]. From
19" century it has been introduced in southwest of
North America where it was diffused rapidly [153]. The
uncontrolled diffusion, due to the high vegetative
propagation rate, had exposed numerous areas of the
world to fire and landslide risk. For this reason this
specie is considered a potential damage for a great
number of ecosystems in the future. For this reasons a
great attention was focused on methodologies to
eradicate rhizomes from invaded areas but these
procedures still remain time consuming and expensive
[154]. Furthermore, a large amount of residues of A.
donax have been produced every vyears from
environmentally cleaning or biofuel industry and the
most common way for their disposal is combustion.
Other biological [155] and thermochemical [156-159]
treatments are current available and they may be
economical or environmental interesting to manage
A.donax waste. Among thermochemical treatments
MAP is a very attractive process in order to produce
valuable products as bio-chars and bio-oils.

4.3.1 A. donax preliminary characterization

All A. donax organs were characterized in order to
detect the amount of cellulose, lignin, proximate and
ultimate analysis and results are shown in Table 10.
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Table 10: Characterization of A. donax organs
employed for MAP experiments
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-
SR . .
E > analysis [wt%] analysis [%]
hd
= 3
q, el
@ £ ¢ c
0 o]
s 5§ 2 ¢ £ B8 Cc H o N
- - 7} le) £ X T
] - ) > r 8
(o] =
— N < @ — ~N N N m ™
eaves @ € s 8 & & 2 O K o«
[ee] ™ ™ o~ ~ ™ oo}
Stems . . O\ . \D . . . q N
@ N N 3 ~ s Q S « N
(o] (o)} o2} n n < o
Rhyzomes g ; @ 5 o ; : ; ; o
v ¢ R © ® & o & g g -

The preliminary characterizations of different organs
from A.donax showed different composition in
agreement with results reported by Faix et al. [160].
Leaves and stems showed an amount of cellulose close
to 35 % while rhyzomes had a high amount of
cellulose (40.6%). Also the lignin content was almost
the same in leaves and stems (26.2 and 27.3%,
respectively) while rhyzomes showed a low amount of
lignin (23.9%). On the contrary the proximate analysis
showed the highest content of ash in rhyzomes (5.9%)
meanwhile the stems had the lower content (2.6%).
Each organs showed a very high VOCs content, very
close to 80 %.

4.3.2 Pyrolysis results

MAP experiments on different organs of A. donax were
carried out in a multimode MW batch reactor, using
always carbon as a MW absorber. Experimental
parameters and results concerning the amount of bio-
oil, bio-char and gas are shown in Table 11.
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Table 11: Experimental conditions and mass balance of MAP
of A.donax

Sample Fractions (yield %)
a
Set- r.t. T _
u . [ o n
Code Type P [min] [K]* 22 S I
m G @B Q
ID15 Leaves A 18 723 54.3 29.1 16.6
ID16 Stems A 22 766 48.7 40.9 10.3
ID17 Rhyzomes A 21 681 59.9 35.5 4.6
ID18 Leaves B 31 638 60.9 22.1 17.0
ID19 Stems B 32 702 43.8 38.9 17.2
ID20 Rhyzomes B 40 707 62.9 28.7 8.4

a) r.t.: reaction time

The first three experiments (ID15-ID17) were
carried out on different organs of A. donax
(leaves, stems, and rhyzomes) using set-up A to
check the influence of the type of organ in the
same pyrolysis conditions. The reaction times of
these experiments were close to 20 min indicating
a fast pyrolysis process, but reaction temperatures
and yields were very different. Leaves (ID15) and
rhizomes (ID17) gave a large amount of bio-char
(58.3% and 59.9%, respectively) while it was
formed in low amount from stems (48.7%, ID16).
Surprisingly a very few amount of gas was formed
from pyrolysis of rhizomes (ID17, 4.6%) while a
large amount was obtained from leaves (ID15,
16.6%). The largest amount of bio-oil was
collected from pyrolysis of stems (ID16, 40.9%).

The different yields may be attributable to the different
ash content, because it may catalyse in a very efficient
way cracking reactions during biomass pyrolysis as
reported by Yildiz et al. [141] using a classical heating.
This influence was particularly evident in ID3 where a
large amount of bio-char (yield 59.9%) was formed.
The use of set-up B caused an increase of the
residence time of the materials inside the oven,
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especially for high boiling compounds, and this
parameter causes an increase of cracking and
carbonization processes giving a lower bio-oils
production (in the order of 2-7%) and a high yield of
bio-char and/or gas as reported for ID19. However
other factors may affect the products yields in these
experiments such as the large variation in the
maximum temperature measured during the 3 tests..
For example the highest char yields were obtained in
tests where the maximum temperature was lower in
agreement with results obtained in classical pyrolysis.
Also the low temperature experienced by the sample
during the test can affect gas release from rhizomes.

4.3.3. Characterization of products

4.3.3.1Bio-chars Bio-chars were collected at the end of
each experiment and were not separated from the
carbon used as MW absorber. The different set-ups
affects the shape of the bio-char formed, pellets
preserving their original form were obtained using set-
up A (ID16) while disaggregated bio-char was formed
using set-up B (ID 19) as shown in Figure 22.

Figure 22: Samples of bio-char recovered from MAP
of A.donax.
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Biochars were analysed
ultimate analysis, taking into account the amount of
carbon employed as MW absorber, in order to evaluate
their main characteristics and data are shown in Table

12,

- ID16 o - ID17
-

Table 12: Characterization of bio-chars recovered
from MAP of A.donax.
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A very low amount of hydrogen was present in all
samples confirming an advanced thermal degradation
process, in agreement with the results reported by
Domenach et al. [128, 129]. The O/C molar ratio of
biochars was compatible with their use in the carbon
sequestration process as reported by Spokas [130]
The effective heat of combustion (EHC) of all bio-chars
(ID15-ID20) was calculated and values obtained
suggested the use of these bio-chars for energy
production, even if some problems may be present
when a high ash content (ID15) is present. All
samples showed an amount of inorganics up to 18.1 %
for ID 1 and a remarkably high VOCs content (up to
25.3%). The large amount of VOCs may be partially
attributed to the batch process where undistilled
organic compounds remained in the oven at the end of
the process. This VOCs residue was that found in the
biochar. The low temperature reached in the pyrolysis
may be another cause of the high yield of bio-char as
well as of the high VOCs content of bio-char.

All samples were also analysed through FT-IR ATR
whose spectra are reported in Figure 23.

Figure 23: FT-IR ATR analysis of bio-chars recovered
from MAP of A.donax
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All samples showed the typical intense absorptions of
bio-char in agreement with the results reported by
Chia et al. [161] and very strong bands in the range of

1200-1000 cm™ attributable to the v, typical

quinoid structures.
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4.3.3.2 Bio-oils

4.3.3.2.1 Rheological properties and ultimate analysis

All bio-oils were dark brown liquids, and they were
analysed in order to evaluate the main rheological
properties and ultimate composition, as reported in
Table 13.

Table 13:Rheological properties and ultimate analysis
of bio-oils from MAP of A.donax

Ultimate Analysis (%)
EI'Iccalc

C H o? N [MJ3/mol]

Viscosity
[cP]
Density
[g/L]

ID15 152 1.06 235 6.4 698 0.3 8.2
ID16 1.79 1.05 252 7.1 67.1 0.6 8.9
ID17 190 1.03 26.1 51 684 04 9.2
Ip18 2.11 1.13 204 8.7 704 0.5 7.2
ID19 163 1.04 231 86 66.0 0.3 8.3
ID20 1.77 1.03 232 79 683 0.6 8.2

a) calculated by difference
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Bio-oils did not show any phase separation at room
temperature but after storage at -4°C and heating
again to room temperature, a partial separation was
noticed. All bio-oils showed density in a close range
around 1 mg/mL and the greater value of 1.13 mg/mL
was shown by ID 18, the sample obtained from
pyrolysis of leaves. All samples were fluid at room
temperature on the contrary to other samples reported
in the literature [148]. Viscosities were in the range
among 2.11 (ID18) and 1.52 cP (ID15) and
surprising the high value was shown by the sample
from pyrolysis of leaves using the set-up B (ID18).
EHC.c showed low values for all samples and this
behaviour was attributed to the presence of water and
the high concentration of oxygenated compounds.
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4.3.3.2.2 1H-NMR

NMR was used to perform a preliminary estimation of
organic composition and water content through !H-
NMR experiments, as shown in Figure 25 .

Figure 25: 'H-NMR spectra of bio-oils from MAP of
A.donax, water signal was depleted.
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As reported in Table 14 the 'H-NMR data showed a
significantly = amount of  substituted aromatic
compounds (ether, wunsatured hydrocarbons and
aldehydes) as shown by the area of integrals in the
range 4.5-1.6 ppm. Mobile protons of carboxylic acids
were not detected due to their exchange with the
hydrogen of the solvent, but resonances of protons
ina position to carboxylic groups were abundant
(region 2.5-2.3 ppm). Bio-oils contained a negligible
amount of compounds having an alkyl moiety in
agreement with the composition of biomass employed
for these experiments
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standard technique as

internal
experimental and data are reported in Figure 26.

Water content of bio-oils was evaluated by 'H-NMR

using




Figure 26: Water content in bio-oils from MAP of
A.donax
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Water was present in different amount depending on
different organs and set-ups. Rhizomes, due to the
presence of a high cellulose content and other easy
dehydratable compounds, gave a large water
production (up to 50.7%) while leaves, in almost the
same MAP conditions, gave bio-oils having a reduced
amount of water (26.8%). Using set-up B (ID18-
ID20) a higher production of water was observed, and
it was attributed to a long reaction time causing a
strong dehydration in agreement with the previous
results reported by Bartoli et al. [90] using other
biomasses.

4.3.3.2.3 FT-IR ATR

Bio-oils were analysed through FT-IR ATR analysis and
spectra are reported in Figure 27.

77



Figure 27: FT-IR spectra of bio-oils collected from
MAP of A.donax.
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The presence of a large amount of water was
confirmed in all bio-oils (bands in the range of 3600-
3200 cm™ vou). Furthermore all spectra showed the
presence of highly oxygenated compounds (bands in
the range of 1380-1100 cm™, vc.o) in agreement with
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GC-MS and 'H-NMR analysis. In all spectra strong
absorptions of free carboxylic acid and ester groups
were present in the range of 1800-1680 cm™ (vc-o)
while other bands in the range of 3600-3400 cm™
were superimposed with typical water bands (von).
Further absorptions attributable to aromatics were
shown as medium intensity absorption in the range of
1680-1580 cm™ (ve=c)

4.3.3.2.4 Quantitative GC-MS

The sixty most abudant compounds identified in MAP
of A.donax with their experimentally found or
calculated RRFs, are reported in Table 15. Their
identification was very useful for the suggestion of the
mechanism of pyrolysis. The TICs of the GC-MS
analysis of ID15-ID20 are reported in Figure 28
where the peak of diphenyl, employed as internal
standard, is marked by a star.

Figure 28: GC-MS chromatograms of bio-oils from
MAP experiments ID15-ID20. Diphenyl as internal
standard is marked with a star (*).

-{U-J el Llpl‘.JLLLm‘ e LA llhtﬂ.h_\\‘.ﬂj\hz.h_ T
JJ/_A |1‘1LLLNLL‘.JL .J o \ (W YRR ¥ fll o 411.5“ L‘LJ. JI,L.lH_ FET
A ‘J.ll‘lu.L}ﬂdJLﬁm L e by M . JJ.JL[.LL_LJ..{J wle,

79



Table 15: Compounds identified in bio-oils from MAP
of A.donax

w Concentration [mg/mL]
Compounds &
1p15 | ID16 | ID17 | ID18 | ID19 | ID20
oo}
Acetic acid Z 107.0 | 64.2 22.9 66.7 0.5 78.0
- - - (o)}
1-Hydroxy-2 S | 132 | 128 | 14 0.3 57 | 34.0
propanone o
o
2-Cyclopenten-1-one g 10.3 2.1 0.0 1.8 0.1 0.0
(a2}
Furfural z 12.7 20.0 3.8 3.4 6.9 18.3
2- ©
N 0.4 9.5 0.0 0.0 7.1 0.0
Methylcyclopentanone o
- H el
1,2-Ethanediol = | 01| 00 | 120 | 00 0.0 0.0
monoacetate o
(o)}
2
2-Oxopropyl acetate z 9.1 4.5 1.9 2.8 9.2 7.7
n
2-Furanmethanol 3 20.4 9.5 4.6 7.0 0.6 14.5
(o]
o~
g-caprolactone S 0.0 0.0 0.0 0.0 0.0 16.0
oo}
2(5H)-Furanone 3 8.7 4.3 0.0 0.0 0.0 0.0
—
H —
Cyclopropyl carbinol 3 9.1 0.0 0.2 0.0 0.0 2.3
<
(a2}
1-(2-furanyl)-Ethanone | 2 4.6 3.7 1.5 2.6 1.5 4.6
—
Cyclohexanone g 0.0 0.0 0.0 0.0 0.0 11.9
- -1.2- —
3-Methyl 1’? ” 0.5 5.3 0.0 5.8 1.5 8.3
cyclopentanedione o
- - = <
5-Methyl-2 S [ 13 | 112 | 24 0.0 21 7.6
furancarboxaldehyde °
<
Phenol o 14.4 10.1 6.0 3.7 8.4 13.2
3,4-Dihydro-2- 9.3 6.9 0.0 0.0 0.2 4.7
methoxy-2H-pyran
o™
2-Methyl-4-pentenal 2 18.1 0.0 0.0 0.0 0.0 0.0
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2,3-Dimethyl-2- S| 25 | 44 | 20 | 28 | 28 | 47
cyclopenten-1-one o
o]
o-Cresol o 0.8 6.7 2.9 3.6 6.8 2.8
1-(2-Methyl-1- ©
cyclopenten-1-yl)- 3 0.4 0.0 0.0 0.0 12.9 0.6
ethanone
o]
p-Cresol o 7.3 9.8 7.2 4.8 1.0 12.8
n
Pentanal pt 0.0 3.8 6.6 4.4 0.0 0.0
(3]
Guaicol 3 28.1 | 18.5 9.6 5.9 3.2 0.3
e}
Mequinol 3 0.0 0.0 0.0 0.0 6.7 33.4
~
Maltol S 0.0 2.0 0.9 0.0 10.8 0.5
3-Ethyl-2-Hydroxy-2- & 51 51 20 0.0 13 46
Cyclopenten-1-one ° ' ) ) ) ) '
o
- H icli <
4-Methylpiperidine A 13.3 0.0 0.0 0.0 0.0 0.0
o~
Naphthalene 5 0.0 0.0 0.0 0.0 13.7 9.3
(o))
- <
4-Ethylphenol hi 1.0 5.8 3.7 0.0 0.1 7.4
i
wn
Heptanal i 3.3 0.0 3.1 0.0 5.8 2.3
~
o-Tolualdehyde 3 0.0 0.0 0.0 0.0 11.5 0.0
o
Pyrocatechol o 103 | 115 12.9 5.6 0.9 7.0
(o))
(a0}
Ethyl methacrylate a 18.6 0.0 0.0 5.7 0.0 0.0
5-Methyl-2-(1- <
methylethyl)- S 0.0 0.0 22.5 0.0 0.0 0.0
cyclohexanol
3'(2;21?’:1;:::"2')' S 0.0 0.0 0.0 0.0 | 131 | o0
n
Homoguaiacol i 0.0 16.2 0.0 0.0 3.6 14.0
5-(Hydroxymethyl)-2- | & | o, | 595 | s5 | 00 | 117 | oo
Furancarboxaldehyde o
~
5-Ethyl m-Cresol 2 0.0 0.0 0.0 0.0 22.5 0.0
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~N
2,3-Dihydrobenzofuran | 2 4.7 216 | 10.6 1.9 2.8 9.7
- - - o]
3-(1 ':it::;?thyl) i 0.0 0.0 0.0 0.0 21.4 0.0
(2]
1,4-Dihydro-d-mannitol 3 0.0 0.0 0.0 12.7 0.0 0.0
o
1,3-Cyclohexanediol i 0.0 10.8 4.1 0.0 0.0 0.0
[\
Resorcinol o 14.8 0.0 0.0 0.0 0.1 0.0
n
3-Methoxypyrocatechol | 1.8 3.7 4.6 2.7 0.7 3.7
n
p-Ethylguaiacol 2 2.7 12.9 7.7 3.6 2.3 18.6
-
Homopyrocatechol h 0.0 7.1 5.9 3.1 2.3 2.0
4-Hydroxy-2- B | 114 | 00 7.9 0.0 3.3 | 106
methylacetophenone o ' ) ' ) ' '
n
3-Acetylanisole 2 0.0 14.8 0.0 0.0 2.3 0.0
3-Allyl-6- © 0.0 0.0 0.0 0.0 | 2200 [ 00
methoxyphenol ° ' ) ) ) ) )
n
Syringol i 0.0 10.7 | 13.9 9.6 11.4 | 20.2
- -1 - O
2 Me;:\e{:aléebutyl o 5.3 0.0 7.9 0.0 0.0 0.0
- -l - - (3]
2 methgzzntlpropyl 2 0.0 1.1 0.0 0.0 8.8 1.4
. 1,3- S 0.0 0.0 0.0 0.0 18.7 | 0.0
Dimethylnaphthalene —
O
Methyl vanillyl ether o 0.0 0.0 0.0 0.0 18.6 5.8
(3]
Levoglucosan s 43.9 | 27.7 | 476 | 152 0.1 0.0
- i -5 ©
llﬁztzclmbf::::es S 0.0 0.0 0.0 10.2 0.0 12.5
4,4a,5,6,7,8- ~
Hexahydro-4a-methyl- S 9.7 0.0 8.9 0.0 0.0 0.0
2(3H)-naphthalenone
<
Anthracene ® 0.0 0.0 0.0 0.0 26.2 0.0
o]
Levulinic acid o 11.0 7.7 16.8 0.0 0.5 0.0
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~
Acetophenone 3 0.0 0.4 1.9 2.2 6.7 1.0
wd
c
_ o
] E ©
5Ee 659 | 62.2 | 70.8 | 316 | 53.4 | 66.5
o°
7]
7]
[

a) Total assignment was calculated with formula
100*(summa of weight of assigned compounds)/(1 mL
bio-oil)

GC-MS analysis let to identify a large amount of the
compounds present (from 31.6 to 70.8 %) with the
exception of ID18 where only 29.1 % of compounds
were identified and quantified through GC-MS. These
analysis showed the presence of compounds formed
through degradation of lignin and cellulose in
agreement with results reported by Isak et al. [162].
Aromatic compounds were also present in large
amount as shown in Figure 28.

Figure 28: Total amount of aromatic compounds
identified through GC-MS analysis
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Generally a higher concentration of aromatic
compounds were detected when stems were employed
(ID16 and ID19) and their formation was increased
up to 210.3 mg/mL when set-up B was used (ID19).
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Among these samples, compounds from primary
degradation of lignin such as syringol and
methoxyeugenol were detected in appreciable
amounts, respectively up to 20.2 mg/mL in ID16 and
7.0 mg/mL in ID18 when rhizomes was used as
feedstock. A very interesting compound, levoglucosan,
was formed from primary degradation of cellulose, and
its concentration was affected by all process
parameters [133, 137]. It was detected in experiments
ID15- ID17 when set-up A was employed and its
formation was in agreement with the cellulose content.
It was produced in a concentration higher than 40
mg/mL when leaves or rhizomes were employed but
this concentration was reduced to 27.7 mg/mL using
stems (ID16). The use of set-up B, causing a long
reaction time, involved a drastically decrease of
levoglucosan in all cases, but this decrease was
different among samples with a complete absence of
levoglucosane in ID20. The progress of the pyrolysis
process may be rationalized through a comparison
among the data on acetic acid and levoglucosan
concentrations in bio-oils. Acetic acid is usually one of
the most abundant product formed through an
advanced thermal degradation during pyrolysis of a
biomasses [163]. A slight increase of acetic acid was
shown in the bio-oil formed when the set-up B was
employed together with a decrease of levoglucosan
formation confirming that the set-up B cause a strong
degradation of the biomass employed. The data
reported in Table 15 show the high concentration of
furan derivatives when set-up A was used while their
concentration decreased using set-up B, due to a
strong degradation to simpler structures such as
hydroxyacetone or light organic carbonyl and
carboxylic compounds. The relevant presence of
furanosidic compounds support the presence of only
one-phase in the bio-oil because these compounds
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show a high affinity with water and may act as a
ligand among water and all other organic compounds
present.

4.3.3.3Gas

All gaseous fractions were collected and analysed
through FT-IR spectroscopy and spectra are reported
in Figure 29.

Figure 29: FT-IR analysis of total gaseous fractions
collected during MAP of A.donax.
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Thin bands in the range of 3750-3500 cm™
suggested the presence of water vapour (von)
while the presence of CO, and CO were confirmed
by the strong bands at 2400 cm™ (voco), and
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2150-2000 cm™(veo), respectively. The presence
of light hydrocarbons such as methane, ethane,
ethylene were evidenced by bands in the range of
3250-3000(ver=c) cm™ and 2950-2750 cm™ (ven ).
Presence of light carbonyl compounds (such as
formaldehyde or acetaldehyde) was evidenced by
bands in the range of 1875-1750 cm™ (vc—o). The
ratio between typical bands of CO, at 2400 cm™
(voco) and carbonyl compounds at 1875-1750 cm™
(vc=0) was practically the same in all spectra and
this behaviour was in agreement with the close
range of the maximum temperature reached in all
experiments.
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4.4 Oliva europea

The main issue in waste management of Oliva europea
(O.europea) industry involved the mill residues as
reported by several authors [164, 165] and Olive-mill
wastewater [166]. The O.europea cuts from harvest
waste stream are generally burned without any
treatment [167]. To avoid combustion and for a full
valorisation of this waste stream the use of MAP was
studied.

4.4.1 O.europea preliminary characterization
O.europea representative samples were characterized
in order to detect the amount of cellulose, lignin,
proximate and ultimate analysis and results are shown
in Table 16.

Table 16: Characterization of O.europea employed for
MAP experiments

Proximate Ultimate
T = . .
< X analysis [wt%] analysis [%]
2 %
] — C H 0 N
7] [ ()
[=] - s ) o §
= c = - s}
2 & B 3 & k2
] pr} o > ic 8
(o] =
40.2 28.1 1.3 78.7 1.0 19.0 43.1 5.9 49.8 1.2

Olive cuts showed an interesting cellulose content of
40.2 wt% and a lignin content of 28.1%. Proximate
analysis showed a very low ash content (1.0%) and a
high value of VOCs (78.7%). These values are
consistent with the data of ultimate analysis that
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showed a high content of carbon and oxygen according
to high presence of cellulose.

4.4.2 Pyrolysis results

MAP experiments on O.europea were carried out in a
multimode MW batch reactor using the set-up A and
different absorbers. Experimental parameters and
results concerning the amount of bio-oil, bio-char and
gas are shown in Table 17.

Table 17: Experimental conditions and mass
balance of MAP of O.europea

Products (wt%)

Qe
E= T =
= £ Absorber K] &5 5 9
= ms 8 V)
© 0
ID21 15 Carbon 723 26.5 40.3 33.1
ID22 18 Fe 702 29.5 40.6 29.9
ID23 21 SiC 705 60.3 27.9 11.8
ID24 27 Sio 446 61.2 28.5 10.4
ID25 36 Al,O5 450 56.1 25.5 18.4
ID26 17 NaOH 568 2.1 56.2 41.7

ID27 16 Carbon/ Al,O0; 688 24.3 41.7 34.0

The first experiment was carried out with using
carbon and iron as MW absorbers respectively.
Yields of different fractions are very close with a
bio-oils production around 40 wt% with larger
gasification in ID21 (33.1wt%) and a larger bio-
char production in ID22 (29.5wt%). Very different
yields values were observed when silicone based
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MW absorber, as SiC(ID23) or SiO»(ID24), were
used. In both experiments a great amount of bio-
char were produced (up to 60 wt%) and a low
amount, around 10 wt%, were obtained. A similar
behaviour was observed when a different metal
oxide, Al,Os; (ID25), was used. In this case gas
production increased to 18.4 with a corresponding
decreased of the other fractions. Moreover in
ID24 and ID25 the maximum temperature
reached were very Ilow (446 and 450 K
respectively) in comparison with ID23. The use of
NaOH in ID26 involved a decrease of bio-char
production (24.3wt%) and an increase of gas
fraction (up to 34wt%) according with advanced
cracking processes as previously described from
Guo et al.[168]. In ID27 the use of carbon with
an addition of (ratio 2:1) Al,O3; were used as MW
absorber. In this case the practically the same
yields of ID 21 were achieved but Ilower
temperature were reached (688K).

4.4.3. Characterization of products
4.4.3.1 Bio-chars

Bio-chars were analysed through proximate and
ultimate analysis, taking into account the amount of
MW absorber employed, in order to evaluate their
main characteristics and data are shown in Table 18.
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Table 18: Characterization of bio-chars recovered

from MAP of O.europea.

Proximate analysis Ultimate Analysis

[wt%] @

[wWt%] X

Iy

Z

o

o c o

3 v T ) a 3

E 8 (g g_E C H o S

g = T § E
ID21 31 14.1 3.0 79.8 79.1 1.2 19.7 27.6
ID22 39 13.1 9.6 73.4 81.2 1.2 17.6 28.4
ID23 2 9 12.0 5.9 79.2 78.8 1.4 19.8 27.5
ID24 32 16.3 11.6 689 72.1 1.3 26.6 25.2
ID25 36 11.0 5.5 79.9 77.0 2.4 20.6 26.9
ID26 3.0 9.9 6.3 80.8 75.1 2.1 22.8 26.2
ID27 3.2 8.1 5.4 83.3 79.3 1.8 18.8 27.7

a) Calculated as difference

All bio-chars showed interesting properties that is a
low ash content (among 3.0 and 11.6 %), high
values of fixed carbon (close to 80 wt%) and
combustion values around 25-28 MJ]/Kg. All bio-chars
collected showed C in the range of 75-82 %.

Undri et al.[115] reported the presence of hot spots in
the bulk during MAP. The use of Al,0O3 allowed to check
this behaviour through XRPD analysis. In fact Al,O3 has
many different phases that have known transition
temperatures and different XRPD patterns [169]. In
ID25 and ID27 «-phase was used and in figure 30
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were reported the XRPD analysis of Al,O3; mixed with
bio-char recovered after MAP experiments.

Figure 30: XRPD analysis of 1) starting a-Al,O3, 2)
Al>,O3 recovered from ID25, 3) Al,Os; recovered from
ID27
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All XRPD traces showed the same peaks and these
spectra are a strong suggestion that the same
temperature was reached in tests ID25 and ID27
because the same Al,O3 specie were present.
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4.4.3.2 Bio-oils
4.4.3.2.1 Rheological properties and ultimate analysis

All bio-oils were dark brown liquids, and they were
analysed in order to evaluate the main rheological
properties and ultimate composition, and results are
reported in Table 19.

Table 19. Rheological properties and ultimate analysis
of bio-oil from MAP of O.europea

Ultimate Analysis

> L |

2 4 £ - [%] 2 2

g E °o % g X

c ~ Q .2, I =}

a 2 2 c H o’ W =

> Red

ID21 11 1.91 224 6.8 708 78

ID22 1.0 1.72 240 6.1  69.9 8.4

D23 0.9 1.60 25.9 5.0 69.1 9.0

ID24 1.0 1.53 234 7.4 69.2 8.2

ID25 1.0 1.40 23.1 7.6  69.3 8.1

ID26 1.1 2.10 23.2 85  68.3 8.1
ID27 1.0 1.54 23.8 83 67.9

7.8

a) Calculated as difference

Bio-oils did not show any phase separation at room. All
bio-oils showed density in a close range around 1
mg/mL. All samples were fluid at room temperature
differently to other samples reported in the literature
Viscosities were in the range among 2.10 (ID26) and
1.40 cp (I25). EHC.. showed low values for all
samples, close to 8 MJ/Kg, and this behaviour was
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attributed to the presence of water and the high
concentration of oxygenated compounds.

4.4.3.2.2 1H-NMR

NMR was used to perform a preliminary estimation of
the presence of organic compounds and water, as
shown in Figure 31 .

Figure 31: 'H-NMR spectra of bio-oils from MAP of O.
europea, water signal was suppressed.
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As reported in Table 20 the 'H-NMR data showed a

significant amount of substituted aromatic compounds

(ether,

unsatured hydrocarbons and aldehydes) as

shown by the area of integrals in the range 4.5-1.6

ppm. Mobile protons of carboxylic acids were not
detected due to their exchange with the hydrogen of
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the solvent, but resonances of protons in a position to
carboxylic groups were abundant (region 2.5-2.3
ppm). Bio-oils contained a negligible amount of
compounds having an alkyl moieties in agreement with
the composition of biomass employed for these
experiments. Particularly interesting is the high value
of the area percentage due to functionalized ether
groups in ID26 (14.3%) probably due to the presence
of high amount of furan derivatives.

Water content of bio-oils was evaluated by 'H-NMR
using internal standard technique as reported in
experimental and data are reported in Figure 32.

Figure 32: Water content in bio-oils from MAP of
O.europea
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Water was present in different amounts depending on
the MW absorber used. The use of carbon allowed to
obtain a low percentage of water (15%). A similar
result was reached with iron (17%). In this case the
low amount of water was probably due to the
formation of oxides species on the surface. Water
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content increased with the use of SiC (21wt%) SiO,
(28wy%) and reached a maximum with the use of
Al,O3 in ID25 (32%). The use of a mixture of carbon
allows to obtain a bio-oil with a 24wt% water content,
a value in between of ID21 and ID25 that explained
the low combustion values of bio-oils previously
reported.

4.4.3.2.3 FT-IR ATR

Bio-oils were analysed through FT-IR ATR analysis and
spectra are reported in Figure 33.

Figure 33: FT-IR spectra of bio-oils collected from
MAP of O.europea.
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The presence of water amounts was confirmed in all
bio-oils (bands in the range of 3600-3200 cm™, vou).
In all spectra strong absorptions of free carboxylic acid
and ester groups were present in the range of 1800-
1680 cm™ (vc—o) while other bands in the range of
3600-3400 cm™ were superimposed with typical water
bands (voy). Further bands attributable to aromatics
were shown as medium intensity absorption in the
range of 1680-1580 cm™ (vc=c). In ID22 and ID26
the bands due to vcy (2900-2750 cm'?) can be
recognised and this is a proof of the presence alkyl
moieties linked to aromatic or furans.

4.4.3.2.4 Quantitative GC-MS

The fifty most abundant compounds identified in MAP
of O.europea with their experimentally found or
calculated RRFs, are reported in Table 21. The
identification of the compounds present was very
useful for the suggestion of the mechanism of
pyrolysis. The TICs of the GC-MS analysis of ID21-
ID27 are reported in Figure 34 where the peak of
diphenyl, employed as internal standard, is marked by
a star (*).
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Figure 34: Chromatograms of GC-MS analysis of bio-
oils from each MAP experiments. Diphenyl as internal
standard is marked with a star (*).
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Table 21: Compounds identified in bio-oils from MAP

of O.euroepa

Concentration[mg/mL]

Compounds &

x D D 1D D D D 1D

21 22 23 24 25 26 27

Acetaldehyde S| 237 | 8o | 353 | 113 | 70 | 109 | 112
Methyl acetate E 2.9 12.0 20.8 6.8 2.9 3.8 6.8

Formic acid § 8.3 3.1 77.3 12.6 20.2 8.5 12.5
2,3-Butanedione E 0.0 0.0 41.9 0.0 0.0 0.0 0.0
2-Butanone g 2.1 4.0 0.0 3.2 0.0 3.0 3.2

Acetic acid E 116.1 | 313.9 | 239.3 | 277.6 | 187.9 | 258.0 | 274.7
1::33;?1)g;e2' § 68.5 | 59.6 | 700 | 352 | 349 | % | 348
2,3-Pentanedione E 1.5 0.7 5.9 2.5 0.9 1.6 2.5
Methyl 3 1.3 4.4 3.7 2.1 0.0 0.0 2.1

hydroxyacetate °

3'::&":::;2' E 1.4 2.4 5.7 15 109 | 0.0 15
Propanoic acid E 0.0 21.4 0.0 9.1 0.0 1.1 9.0
2-Propenoic acid g 1.1 0.0 1.0 0.4 1.6 5.7 0.4
oxopE;:;ZLoate f 0.0 0.0 0.0 5.0 0.0 0.0 5.0
1‘::&":::;2' E 6.4 175 | 409 | 8.2 3.6 3.9 8.1
gieht;z:gi: E 5.4 7.5 0.0 2.8 1.2 0.0 2.8
oxo;:sg;‘rllloate E 0.0 10.4 6.4 0.0 1.4 0.0 0.0
Toluene E 5.2 0.0 9.5 0.0 0.0 0.0 0.0
Cyclopentanone 5 1.8 11.0 1.9 0.9 0.3 0.9 0.9
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2-Butene-1,4-diol g 0.0 2.8 17.6 3.0 2.1 0.0 2.9
Furfural g 22.6 172 | 79.0 | 27.4 11.9 15' 27.1
2-P;z|:::;{;teester E 0.0 4.8 0.0 1.7 2.1 0.0 1.7
Cyclohexanone i 0.4 3.3 0.0 2.5 0.0 0.0 2.4
2-Oxopropyl acetate g 13.5 0.0 0.0 0.0 5.8 4.7 0.0
2-Furanmethanol g 28.0 17.6 68.7 17.2 10.8 0.0 17.0
l'zafat::;i:m" S 0.0 0.8 0.0 | 11.7 0.0 0.0 | 11.6
5-Mfe::13yll1;2r‘(e3H)- E 7.8 0.0 3.2 0.0 0.0 0.0 0.0
S-M?:rayl:;zlf:H)- § 249 | 6.1 3.3 7.3 3.4 7.0 7.2
Butyrolactone g 0.0 0.0 16.8 7.4 4.8 6.9 7.4
2-Methyl-2- 2 5.9 1.7 0.0 1.1 0.5 1.2 1.1

cyclopenten-1-one °©
Styrene § 0.0 0.0 11.7 0.0 0.0 0.0 0.0
l-gzt;\f:r:-z:zl)- § 7.7 1.5 5.5 2.1 0.9 1.7 2.1
2-Cyclohexen-1-one g 4.0 5.9 0.0 3.1 1.1 2.1 3.1
Vynil propanoate 5 3.2 0.5 3.2 0.0 0.8 0.0 0.0
2-Oxobutyl acetate E 3.5 2.1 3.2 2.0 0.8 1.1 2.0
Benzaldehyde g 5.4 0.0 7.1 3.1 1.6 4.9 3.0

2- <
Furancarboxaldehyd | & 0.0 1.6 7.5 3.7 1.3 2.4 3.6

e, 5-methyl-

3-Ethyl-pyridine 5 4.2 0.5 1.6 1.0 0.5 0.0 1.0
2-Ethenyl-pyridine S 10.0 0.0 8.7 0.0 0.0 0.0 0.0
4-Ethenyl-pyridine g 0.0 1.5 0.0 3.7 1.4 0.0 3.6
Phenol § 13.3 13.7 1.5 4.7 3.2 5.5 4.7
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3-Methyl-1,2-

o
" M 23.9 0.0 1.9 0.0 0.0 0.0 0.0
cyclopentanedione o
- - o]
Tetrahydro-2 2| o0 | 00 | 38 | 309 00 | 00| 38
Furanmethanol o
2-Cyclopenten-1- o
one, 2-hydroxy-3- g9 0.0 11.8 0.0 5.8 2.3 5.3 5.8
methyl-
@
Phenol, 2-methyl- i 23.3 3.1 0.0 0.0 0.0 1.8 0.0
3-Ethyl-2-hydroxy- ~
2-cyclopenten-1- o 10.9 2.6 0.8 4.3 0.6 1.9 4.3
one
n
Pentanal o 11.7 6.8 0.6 6.3 2.9 0.0 6.3
[aal
Guaicol 3 12.4 6.2 6.4 6.2 1.3 4.7 6.2
™~
Malitol & 1.4 8.8 0.0 6.3 2.8 2.4 6.2
o
1,2-Benzenediol g 13.3 5.8 0.0 0.0 5.2 1.3 0.0
-Di - <
1,4-Dimethoxy A 9.9 0.0 1.1 3.5 0.0 1.9 3.4
benzene °
- -] = (o))
1,4 anhy_dro d o 45.3 6.8 5.4 0.0 4.1 0.0 0.0
Mannitol o
4-Methyl-1,2- 3 4.4 16 0.0 0.0 0.9 0.0 0.0
benzenediol =
- - - - n
4-Ethyl-2-methoxy tn 4.5 1.3 0.7 1.9 0.8 1.1 1.9
phenol °
-Di - N
2,6-Dimethoxy © 13.3 5.6 1.8 4.0 0.9 1.9 4.0
phenol °©
- ~
. 1,2,4 © 5.9 2.2 0.3 1.3 0.3 0.3 1.3
Trimethoxybenzene °©
n
Isoeugenol i 8.7 0.0 0.6 1.3 0.0 0.0 1.3
o
Levoglucosan 3 0.0 3.9 0.0 0.0 4.7 0.0 0.0
=Tri =-5- N
1,2,3-Trimethoxy-5 © 9.4 2.1 0.5 0.0 0.0 0.7 0.0
methyl-benzene °
n
~
Eugenol 5 7.7 1.4 1.0 0.0 0.3 1.4 0.0
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Total assignment % 81.0 ’ ’ : 0

71.3

a) Total assignment was calculated with formula :
100*(summa of weight of assigned compounds)/(1 mL bio-oil)

GC-MS analysis let to identify a large amount of the
compounds present (from 51.7 to 85.3 %). Aromatic
compounds were also present in not large amount with
exception of ID21 as shown in Figure 35.

Figure 35: Total aromatic content detected by GC-MS
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The behaviour observed in ID21 is comparable with
previously reported for A.donax. The aromatic content
decrease to around 60 mg/mL in ID22 ID23. In the
case of ID22 the concentration of 60.9 mg/mL of
aromatics was probably due to cracking reactions on
the surface of iron particles, according with the
concentration of advanced degradation product like
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acetic acid that increased up to 313.9 mg/mL.
Moreover in this case cracking processes induced a
large production of bio-char (60.3wt%). A similar
trend was observed in ID24-ID26 with concetrations
of acetic acid reached up to 200 mg/mL and a large
amount of bio-char produced with high water content.
Interestingly in ID27 when the MW absorber was a
mix of carbon and Al,O3, yields of fractions were
similar to ID21 but concentrations of acetic acid and
aromatics were close to ID25. This is a strongly proof
that low amounts of Al,O3 induced an efficient cracking
process. An other relevant information was connected
with the acetic acid produced in ID26. In this case
NaOH, a strong base, acted only as MW absorber and
cracking promoter while its use involved the massive
production of acetic acid up to 258.0 mg/mL. The
neglectable acid-base reactivity of NaOH was probably
due to the different phase where acetic acid was
produced. This represents a proof for the formation of
acetic acid in gas-phase. Levoglucosan was very low in
all experiments and it was due to its decomposition
with formation of furfural and furans derivatives as
reported by Bartol et al.[91].
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4.4.3.3Gas

All gaseous fractions were analysed through FT-IR
and spectra collected were reported in Figure 36.
Figure 36: FT-IR analysis of gaseous fractions
collected during MAP of O.europea.
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Thin bands in the range of 3750-3500 cm™ were
present evidencing the presence of water vapour
(von) while the presence of CO, and CO were
confirmed by the strong bands at 2400 cm™ (voco),
and 2150-2000 cm™(veo), respectively. The
presence of light hydrocarbons such as methane,
ethane, ethylene were evidenced by bands in the
range of 3250-3000 (vcy—c ) cm™ and 2950-2750
cm™ (ven ) particularly in ID24. Presence of light
carbonyl compounds (such as formaldehyde or
acetaldehyde) was evidenced by bands in the
range of 1875-1750 cm™ (vc=o) in ID22 and ID24
while this absorption was neglectable in the other
experiments. The ratio between typical bands of
CO, at 2400 cm™ (voco) and carbonyl compounds
at 1875-1750 cm™ (vc-o) was very different in all
spectra and it was in agreement with the strong
influence of different absorbers on the maximum
temperature reached in all experiments and
consequently the progress of the pyrolytic
degradation.
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4.5 Vitis Vinifera

Vitis vinifera (V.vinifera) cultivations are one of the
major business in the agrochemical industry[170]. The
management of crops residues is a mandatory issue.
There are many available technologies as mechanical
recycling or composting [171] but combustion is the
most used. MAP may be a sound approach to dispose
this residue avoiding its combustion and recovering
some usefull products..

4.5.1 V.vinifera preliminary characterization

Representative samples of V.vinifera were
characterized in order to detect the amount of
cellulose, lignin, and they proximate and ultimate
analysis. Results are shown in Table 21

Table 21: Characterization of V.vinifera employed for
MAP experiments

Proximate Ultimate
<°
o _ < analysis [wt%] analysis [%]
s 3
EL "
= = v c
d= € 2 ¢ s B8 ¢ H o
o 2 Q < &5
-l § > [ (@]
41.1 23.2 20 754 4.4 18.2 45.5 5.6 47.8

V.vinifera showed an interesting cellulose content of
40.2 wt% and a lignin content of 28.1%. Proximate
analysis showed a very low ash content (1.0%) and a
high value of VOCs (78.7%). These values are
consistent with the ultimate analysis that showed a
high content of carbon and oxygen according to the
high amount of cellulose.
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4.5.2 Pyrolysis results

MAP experiments on samples of V.vinifera were carried
out in a multimode MW batch reactor with different
absorbers and set-ups. Experimental parameters and
results concerning the amount of bio-oil, bio-char and
gas are shown in Table 22.

Table 22: Experimental conditions and mass balance
of MAP of V.vinifera

Products (%)

£
S £ T
Rd }
43 Absorber g %
s g [K] o : ©
= e g °
[
ID28 A 16 Carbon 499 28.3 33.1 38.7

ID29 B 18 Carbon 644 33.0 32.3 34.7

ID30 A 14 Fe 751 30.7 34.9 34.3
ID31 B 20 Fe 723 36.9 30.4 32.7
ID32 A 22 SiC 475 71.4 15.3 13.3
ID33 B 25 SiC 506 31.1 23.3 45.7

In The use of set-up A and carbon as MW absorber
(ID29) let to obtain a larg formation of gas (38.7%)
and a good yield of bio-oil (33.1%) attributable to the
low temperature of 499K reached in this experiment.
Surprisingly a large gasification, up to 38.7%, was
obtained, higher than that one reached with set-up B.
Using Fe as MW absorber a higher temperature was
reached using both set up A or B, (644K in ID30 and
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751 K in ID31) with comparable yields in the two
experimentsr. In the use of SiC (ID32 and ID33) the
lower temperature was reached using set up A and B
(475 K and 523 K, respectively). In this last
experiment there was a very large production of bio-
char, up to 71.4 wt%, and a low formation of bio-oils
and gas . The use of set-up B, caused a higher
reaction time and higher temperature was reached in
agreement with the presence e of the fractionating
system. The use of SiC as MW absorber and set-up B
involved the largest gasification (up to 45.7%, ID 33).
4.5.3. Characterization of products

4.5.3.1 Bio-chars

Bio-chars were analysed through proximate and
ultimate analysis, taking into account the amount of
MW absorber present, in order to evaluate their main
characteristics and results are shown. in Table 23.

Table 23: Ultimate and proximate analyse of char
from MAP of V.vinifera

Proximate analysis [wt%] Ultimate Analysis
[wt%] Q
~
n
o Z
5 ) s S
3 g T o8 c H ©° g
2 8 I &3 J
S s B
ID28 3.1 14.1 8.8 74.0 80.4 1.1 18.5 28.1

ID29 3.4 13.1 10.1 73.4 849 1.0 14.1 29.7
ID30 3.0 12.0 11.9 73.1 78.8 1.4 19.8 27.5
ID31 3.1 15.9 12.1 68.9 85.1 1.4 13.5 29.7

ID32 3.3 9.4 12.5 74.8 83.2 1.6 15.2 29.1
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ID33 3.1 7.9 13.6 75.4 85.7 1.8 12.5 29.9

a) Calculated as difference

All bio-chars showed interesting properties among
which a EHC around 28 MJ/Kg, connected with the
high values of fixed carbon (close to 75 wt% with the
exception of ID30) and C in the range of 78-85%. All
samples had a relatively high ash content (between
8.8 and 13.6 %.

4.5.3.2 Bio-oils
4.5.3.2.1 Rheological properties and ultimate analysis

Dark-brown liquid having low density and
viscosity were collected in all experiments, their
rheological properties and ultimate analysis are
reported in Table 24.

Table 24: Rheological properties and ultimate analysis
of bio-oil from MAP of V.vinifera

- > L

= =~  Ultimate Analysis (%) 22

aE 9Ja oS

c~ oY T

a2 2 c H o’ 5=

S e

ID28 1,14 2.33 21.4 7.8 70.8 7.5

ID29 1.05 2.01 24.3 5.3 70.4
ID30 1.12 1.96 23.2 6.8 70

ID31 1.04 1.88 229 7.9 69.2
Ip32 1.16 1.93 23.1 7.3 69.6

® 0 ® © ®
R R O R WU

ID33 1.01 1.74 23.1 6.4 70.3

a) Calculated as difference
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Bio-oils did not show any phase separation at room
temperature. All bio-oils showed density in a close
range around 1 mg/mL. Viscosities were in the range
among 2.33 (ID28) and 1.74 cp (ID33) generally
higher than values of bio-oils obtained with the same
experimental apparatuses. EHC.. showed low values
for all samples, close to 8 MJ/Kg, and this behaviour
was attributed to the presence of water and the high
concentration of oxygenated compounds.

4.5.3.2.2 'H-NMR

'H-NMR was used to perform an estimation of organic
composition of bio-oils and their water content and the
collected spectra are shown in Figure 37 .

Figure 37: 'H-NMR spectra of bio-oils from MAP of
V.vinifera, water signal was suppressed.
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Table 25: Composition (area %) of bio-oils from MAP
of V.vinifera obtained from 'H-NMR data

5 z S
° N
8 c c c v Ug’ °
o = [=] [ ] s T .
i - 2e | £2 | 50 |2
5 | 2 |2z|28% |S§ | 3% (£
It o oL|ots ] 5S¢ E o
L il Ex | g9 S c - 5=
T | o |59 g5 |35 | BR |5
2 S | B |8<|z28 |52 | c§5_|5%
2 g L |98|Us3 | &5 o2 (2%
° = T Ng | T OL =s 220 oo
a 2 o I . cco LR “Weo ([=m et
n - : Og|®Tpg % 9 88 E [25*E
- [§) - ~N b= - —
] -1 2 (37} :‘:“-9>~ ~ T ATT |B=S
> © oY 1S X > I o >8
< ° 02U &E Ue =ﬂ.2 X0
S| E | 5 |%f|5ER8 |0, | S55 |OKE
) 2 £ T T ITEC T Tc
< < o |OE|UGCE| COUT | ULED |[Un s
o
T | a in e | ® ° © ° 1n
a ! © 10 ™ ] T T o
a o 1 1 1 1 1 1 1
|l g | o |w|mn o o © | o
“©w - )] © < (L] [§] L] -
ID28 | 1.0 3.7 1.5 0.1 43.6 45.2 1.9 2.9

Ip29 | 0.3 4.7 24 1.5 34.2 51.3 2.7 2.9

ID30 | 0.8 4.7 2.3 89 31.8 463 2.3 2.9

Ip31 | 0.6 11.8 4.7 2.1 32.1 37.1 7.5 4.0

Ip32 | 04 3.8 1.7 3.2 358 504 2.1 2.6

ID33 | 0.7 53 2.8 3.1 309 51.4 34 24

The 'H-NMR data, as shown in Table 25, showed a
significantly = amount of substituted aromatic
compounds (ether, wunsatured hydrocarbons and
aldehydes) as suggested by the area of integrals in the
range 4.5-1.6 ppm. Mobile protons of carboxylic acids
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were not detected due to their exchange with the
hydrogen of the solvent, but resonances of protons
ina position to carboxylic groups were abundant
(region 2.5-2.3 ppm). Bio-oils contained a negligible
amount of compounds having an alkyl moieties in
agreement with the composition of biomass employed
for these experiments.

Water content of bio-oils was evaluated by 'H-NMR
using internal standard technique as reported in
experimental part and results are reported in Figure
38. Water content was in the range between 32.3%
(ID31) to 45.6% (ID33), surprisingly it decreased
with use of set-up B and carbon or Fe as MW absorber.
These results were probably due to some water gas
shift reactions between water and carbon, catalysed by
iron, when present y or by a very rapid heat transfer
from MW absorber to feedstock.

Figure 38: Water content in bio-oils from MAP of
V.vinifera
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4.5.3.2.3 FT-IR ATR

Bio-oils were analysed through FT-IR ATR and spectra
are reported in Figure 39.

Figure 39: FT-IR spectra of bio-oils collected from
MAP of V.vinifera.
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The presence of amount of water was confirmed in all
bio-oils (bands in the range of 3600-3200 cm™, von).
In all spectra strong absorptions of free carboxylic acid
and ester groups were present in the range of 1800-
1680 cm™ (vc—o) while other bands in the range of
3600-3400 cm™ were superimposed with typical water
bands (voy). Further bands attributable to aromatics
were shown as medium intensity absorptions in the
range of 1680-1580 cm™ (vc—c). Bands due to vc.n
(2900-2750 cm™) were detected (ID32) as a proof of
the presence alkyl moieties linked to aromatics or
furans.
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4.5.3.2.4 Quantitative GC-MS

A very large number of compounds was present in bio-
oils from MAP of V.vinifera and the sixty most
abundant are reported in Table 26with their
experimentally found or calculated RRFs. The
identification of these compounds was very useful for
the suggestion of a mechanism of pyrolysis. The TICs
of the GC-MS analysis of ID28-ID33 are reported in
Figure 40 where the peak of diphenyl, employed as
internal standard, is marked by a star (*).

Figure 40: TIC of GC-MS analysis of bio-oils from MAP
of V.vinifera. Diphenyl as internal standard is marked
with a star (*).
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Table 26: Compounds identified in bio-oils from MAP

of V.vinifera

Concentrantion [mg/mL]

Compounds RRF

ID28 [ID29 |[ID30 |(ID31 |ID32 |ID 33
Acetaldehyde 0.04]| 0.6 1.1 1.8 2.5 2.7 0.7
Methyl acetate 0.1 0.5 1.8 1.7 1.9 4.7 2.4
Formic acid 0.05| 2.8 2.9 3.7 2.1 2.9 1.1
2,3-Butanedione 0.07| 2.0 3.2 3.6 2.9 3.4 1.9
2-Butanone 0.11| 1.2 2.1 1.6 2.4 1.7 0.6
Acetic acid 08| 756 | 14 | 13 [ 1216 [ 1725 | 975
1-Hydroxy-2- 009 119 | 98 | 216 | 7.7 0.1 19.4
propanone
Benzene 0.16| 0.2 0.4 0.2 0.5 0.3 0.0
3-Methyl-3-buten-2- |, .| , 0.5 0.5 0.6 0.7 0.3
one
2-Pentanone 0.21 1.2 0.7 0.3 0.6 0.5 0.2
2,3-Pentanedione 0.14| 0.4 0.8 0.6 0.7 0.9 0.7
3-Hydroxy-2- 0.13| 0.2 0.5 0.3 0.3 0.4 0.1
butanone
Propanoic acid 0.12]| 0.5 0.8 0.5 0.8 0.6 0.4
2-Propenoic acid 0.11] 0.0 0.0 0.0 1.7 0.0 0.0
Methyl butanoate 0.23] 0.3 0.3 0.4 0.2 0.3 0.1
Isopropyl Alcohol 0.29| 0.3 0.4 0.4 0.4 0.3 0.2
Pyrrole 0.15| 0.0 1.1 0.0 1.1 0.0 0.0
2-Methyl-2-butanone | 0.26| 1.0 1.3 1.6 0.0 0.9 0.0
2-!Vlethylpropan0|c 0.16| 2.1 3.8 0.0 3.2 4.1 2.7
acid
Cyclopentanone 0.25]| 1.5 5.3 2.8 0.0 1.3 0.7
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2-Methylbutanoic

. 0.23| 0.7 0.0 0.7 0.6 0.0 0.4
acid

Furfural 0.13]| 1.9 1.2 2.2 1.4 1.8 0.9
2-Butanone, 3- 0.08| 0.0 1.2 0.0 0.8 0.0 0.0
methyl-

1-Pentanol, 2- 031| o1 1.7 0.5 0.3 2.8 0.0
methyl-

152-Ethanedlol, 0.11 0.1 0.0 0.0 1.9 0.0 0.0
diacetate

Oxopropanoyl 0.39| 2.2 0.0 0.5 0.0 0.0 0.0
acetate

2-Furanmethanol 0.25 0.0 0.0 3.2 4.8 3.3 2.8
2(3H)-Furanone, 5- 02| 31 7.9 6.0 6.0 7.7 4.1
methyl-

Ethylbenzene 0.36| 0.2 0.7 3.0 1.6 1.7 0.0
Butyrolactone 0.19| 0.0 1.5 1.1 1.9 0.6 0.0
3,3-Dimethoxy-2- 0.25| 0.0 0.0 0.0 4.6 0.0 0.0
butanone

1-(2-furanyl)- 0.24| 0.0 3.7 2.8 3.9 3.6 0.0
Ethanone

2,5-Hexanedione 0.27| 0.8 1.2 0.8 1.0 1.3 0.8
Cyclohexanone 0.31]| 0.5 0.8 0.4 0.6 0.0 0.0
3_

Methylcyclopentanon | 0.33| 1.9 0.0 1.8 0.0 0.0 0.9
e

Oxobutyl acetate 0.28| 0.4 0.6 0.6 0.5 0.7 0.6
5-Methyl-2- 0.24| 0.4 0.8 0.8 0.7 1.0 0.9
furancarboxaldehyde

4,6-Dimethy|-2H- 052 0.0 0.0 0.0 0.0 2.7 2.2
Pyran-2-one

3-Methyl-2- 032| 23 0.0 2.3 0.0 0.0 0.0
cyclopenten-1-one

a-Methylstyrene 0.47| 0.0 0.0 0.4 0.0 1.3 0.0
Benzofuran 0.45| 0.7 0.0 0.0 0.0 0.0 1.8
4-Methyl-5H-furan- 0.26| 2.9 4.2 2.5 2.8 2.7 1.4
2-one

3-Ethyl-2-hydroxy-2- | , .| 2.0 3.6 1.6 0.2 0.4

cyclopenten-1-one
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Indene 0.57| 1.2 1.8 0.0 1.0 3.3 1.0

5-(hydroxymethyl)-

2-

0.28| 2.6 3.2 0.0 2.1 0.0 0.0

Furancarboxaldehyd

e

Malitol 0.27]| 3.1 4.5 3.9 3.4 5.6 3.9

2,6-Dimethylphenol 0.48| 0.1 0.6 0.0 0.2 0.9 0.3

1,4-Dimethoxy- 044 1.9 3.1 0.2 1.8 3.0 0.7

benzene

Pyrocatechol 0.32] 2.9 3.5 0.0 2.5 3.5 1.7

3-Methy|-_1,2- 042 1.2 1.6 0.3 1.1 1.6 0.4

benzenediol

4-Ethyl-2-methoxy- 0.55| 0.0 2.1 0.0 0.7 0.0 0.0

phenol

4-Hydroxy-2- 055 1.2 1.4 0.5 0.3 2.4 2.0

methylacetophenone

2,3-Hexanedione 0.27| 1.0 1.0 0.5 0.5 1.6 1.1

Eugenol 0.63| 4.3 5.7 2.3 3.5 7.8 5.6

3,4~ 045| 0.2 0.0 1.7 0.0 0.5 0.2

Dimethoxyphenol

Levoglucosan 0.38| 1.5 1.9 0.5 1.0 2.6 1.5

Apocynin 0.55| 6.6 2.5 0.0 3.0 0.0 0.0

Levulinic acid 0.38| 0.7 0.0 0.0 0.0 0.0 0.7

Acetophenone 0.66| 0.4 3.0 0.4 0.4 0.0 0.0

Isoegugenol 0.64| 0.0 0.9 0.0 0.0 1.1 0.0

Vanillin 0.34| 1.8 3.4 5.2 0.4 6.7 3.8
Total assignment [wt%] 50.1 | 50.0 | 60.2 | 59.4 | 53.2 | 85.1

a) Total assignment was calculated with formula

100*(summa of weight of assigned compounds)/(1 mL

bio-oil)
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GC-MS analysis let to identify almost 50% of
compounds present with exception of ID33 where
85.1% of compounds were identified. Aromatic
compounds were present in amount between 19.5 and
39.5 mg/mL as shown in Figure 41.

Figure 41: Total aromatics content detected by GC-
MS
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40.0 36.3

35.0

30.0 26.2

250 195 20.1

18.1
200

15.0

10.0

Aromatic concentrations [mg/mlL]

ID28 1D29 ID30 ID31 ID32 ID33

The aromatics were multisubstituited phenols as
eugenol, isoegugenol or vanillin and they reached a
maximum in ID33 ( 39.5 mg/mL). The acetic acid was
also identified in high concentration but generally
lower that that one above reported sfor bio-oil from
MAP of O.europea or A.donax. It reached a maximum
of 130.5 mg/mL in ID30 when Fe and set-up B were
employed and a minimum of 75.5 mg/mL in ID28
when carbon and set-up A.. Alsoe furans derivatives,
such as furfural and 5-(hydroxymethyl)-2-
furancarboxaldehyde, were detected in concentration,
lower than 10 mg/mL.

4.5.3.3Gas
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All gaseous fraction were analysed through FT-IR
and spectra are shown in Figure 42.

Figure 42: FT-IR spectra of gaseous fractions

collected from MAP of V.vinifera.
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Thin bands in the range of 3750-3500 cm™
suggested the presence of water vapour (von)
while the presence of CO, and CO were confirmed
by the strong bands at 2400 cm™ (voco), and
2150-2000 cm™(veo), respectively. The presence
of light hydrocarbons such as methane, ethane,
ethylene were evidenced by bands in the range of
3250-3000 (vchi—c)cm™ and 2950-2750 cm™ (vcn)
particularly in ID24. Presence of light carbonyl
compounds (such as formaldehyde or
acetaldehyde) was evidenced by bands in the
range of 1875-1750 cm™ (vc-o) in spectra of ID22
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and ID24 while these absorptions were
neglectable in the bio-oils from other experiments.
The ratio between typical bands of CO, at 2400
cm™ (voco) and carbonyl compounds at 1875-1750
cm™ (vc=o) was very close in all spectra.
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4.6 Waste from Poplar SRC

Poplar short rotation coppice (SRC) plays an important
role in biomass production because they are largely
employed both in industry or used as solid fuel [172].
Recently there is a great interest in the below-ground
biomass recovery (stump-root system) of poplar SRC
because: a) it accounts for about 20% of the total
plant dry weight [173] and the average poplar chips
can yield 18 ton/ha of root biomass; b) it is easily
accessible and harvested (sand-loamy soils); c) the
root wood often has higher heating values than tops
and branches, and they are a better fuel [174].
Furthermore, the removal of the stump-roots systems
does not require the payment of a fee, and using
efficient recovery systems, the delivered cost might
range from 28 to 66 €/ton [175]. For these reasons
valorisation of stump-roots systems from Poplar SRC
was studied through MAP.

4.6.1 Poplar clones preliminary characterization

Poplar clones representative samples were
characterized in order to detect the amount of
cellulose, lignin, and they proximate and ultimate
analysis and results are reported in Table 27.
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Table 27: Characterization of poplar clones employed
for MAP experiments

— Proximate
X analysis[wt%
) — = s  Ultimate Analysis[wt%] ysis[ o]
S £ o>
() el [ Q —
g K= = g [ 9 S
S ¢ v 3 'E C H N o 3 8 s 38
s 2 3 2 g 9 3 x%
n S pa g s 8
1
3
I 1.5 1.5 43.1 29.1 44.1 5.0 1.2 50.9 7.8 73.3 4.0 14.9

II 3.6 2.9 42.2 28.0 45.7 4.6 1.1 49.6 6.4 789 26 12.1

III 8.1 4.7 22.3 23.2 399 64 0.9 52.8 5.8 83.3 58 5.1

Clone I showed a lower percentage of carbohydrates
than clone II, while close amount of lignin, cellulose
and ultimate composition were shown by all clones.
Leaves composition was in agreement with previous
works [176, 177].

4.6.2 Pyrolysis results

MAP of samples of different poplar clones were
performed in the presence of different MW
absorbers and setups. Experimental conditions and
results are reported in Table 28.
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Table 28:

Experimental

conditions
balance of MAP of poplar clones.

and mass

Clone i Products (%)
o — 9
3 9 Q -
0 2 L ES o T .= 3 )
o
& © v £ E a [KI 228 & =®
o £ 0 2 Mo - ()
) < [
o 1 Powder A 20 Carbon 745  24.8 30.8 44.4
ID Powder
b 1 A 25 Fe 745 287 209 50.4
ID Powder
bt 1 B 21 Carbon 745 2006 27.7 517
ID Powder
» 1 B 26 Fe 745 272 122 60.6
;'; 1 Chips A 21 Carbon 638 252 17.4 57.4
D .
o I Chips A 16 Carbon 606  30.2 29.6 40.2
D .
- 1 Chips A 21 Fe 702 36.4 32.0 31.5
D .
ot II Chips A 22 Fe 617 37.0 26.6 36.5
i'; 101 Chips A 30 Carbon 681 245 17.4 58.1

Experiments ID34-ID37 were carried out on powder
of stump-roots obtained from clone I to highlight the
influence of different setup (A or B) as well as different
MW absorber on materials having an homogeneous
size. The highest yield of liquid was achieved for ID34
by using carbon absorber and setup A. Use of iron or
setup B caused a decreased of yield of liquid and this
effect was particularly appreciable when both of them
were employed (ID37).

Two couple of experiments ID34 and ID38 or ID35
and ID40 were carried out to check the influence of
the size of the samples, powder (diameter < 1 mm) or
chips (30 mm x 20 mm). A drastically decrease of
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liquid yields was observed when the size of sample
was increased (ID34 and ID38, respectively). It was
probably caused by a decrease of the contact surface
between the chips and MW absorber, in agreement
with previous data [178]. On the contrary in the
couple ID35-ID40 an opposite trend was observed
and bio-oil vyield was increased up to 32.0%.
Furthermore the use of iron (ID40) instead of carbon
(ID38) as MW absorber caused a strong increase of
bio-oil from poplar chips and the detected temperature
was 702 K instead of 638 K. Clone II yielded an high
amount of bio-oil in shorter time than clone 1
(experiments ID39 and ID38 respectively) but in this
case the use of iron (ID41) as MW absorbed reduced
the yields of bio-oils and increased the formation bio-
char up to 37.0%.

Using also leaves of clone III MAP gave an amount of
liquid yield very close (ID42) to those obtained with
others samples.

A large amount of gas was formed in all experiments
reaching up to 60.6 wt% of material pyrolyzed
(experiment ID37).

4.6.3. Characterization of products

4.6.3.1 Bio-char

Ultimate analysis of bio-chars (Table 30) showed a
very low percentage of hydrogen in all samples [128,
129] confirming a complete pyrolysis process. O/C
molar ratio of all bio-char samples, with the exception
of ID35, were compatible with their use in the carbon
sequestration process [130]. ID35 had high O/C molar
ratio and this may be attributable to side reactions
between carbon and water catalysed by iron in
agreement with the results reported by Undri et al.
[89]. EHCcac values of ID1 and ID3-ID9 showed that
bio-chars can efficiently employed for energy storage.
In agreement with these data EHC, value of ID2 was
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lower than others but it was high enough for a solid
fuel.

Table 29: Characterization of bio-chars recovered
from MAP of poplar clones

Ultimate Analysis Proximate analysis

[wt%] [wt%]

EHCcaic
[M3/Kg]

[]
[ <
c H o* N 3 38 s T

a ) q x g

g %3
ID 83.8 0.6 15.4 0.3 2.3 2.3 28.1 67.3 29.3
34
ID 41.8 0.4 57.5 0.2 6.6 5.3 30.2 57.9 14.6
35
ID 82.0 0.7 17.2 0.1 5.5 2.9 37.6 54.0 28.7
36
ID 77.5 0.2 22.1 0.2 8.2 4.7 44.4 42.8 27.1
37
ID 76.2 0.7 22.6 0.5 3.0 3.5 37.7 55.8 26.8
38
ID 79.6 0.6 19.2 0.6 8.6 6.7 25.7 59.0 28.0
39
ID 80.5 0.3 19.1 0.1 4.8 5.6 39.8 57.7 28.1
40
ID 82.2 0.2 17.4 0.2 4.6 6.3 27.0 62.0 28.8
41
ID 76.3 0.6 21.6 1.4 3.1 3.8 46.2 46.9 27.1
42

a) calculated as difference
4.6.3.2 Bio-oils
4.6.3.2.1 Rheological properties and ultimate analysis

Dark-brown low density and viscosity liquids were
collected in all experiments. Rheological properties and
ultimate analysis of bio-oils are reported in Table 31.
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Table 30: Rheological properties and ultimate analysis
of bio-oil from MAP of poplar clones

Density Viscosity Ultimate Analysis (%) EHC
[g/my] [P1 ¢ H N 0 [mykg]
ID 1.07 1.87 159 56 0.0 78.5 5.6
34
ID 1.06 4.56 156 9.7 1.3 735 5.5
35
ID 1.04 2.03 121 3.9 0.0 84.0 4.2
36
ID 1.04 1.48 11.1 10.7 0.6 77.6 3.9
37
ID 1.05 2.62 18.6 10.1 0.7 70.7 6.5
38
ID 1.07 1.68 16.2 9.6 1.4 729 5.7
39
ID 1.17 1.61 16.6 10.7 1.1 71.7 5.9
40
ID 1.23 1.82 12,6 11.7 0.9 749 4.4
41
ID 1.33 1.97 109 9.2 4.2 758 4.0
42

a) calculated as difference

All bio-oils collected in experiments ID34-ID39 had
density values close to water (1.04-1.07 g/mL),
whereas ID40-ID42 were quite higher (1.17-1.33
g/mL). Viscosity values of all experiments were in the
range among 1.61 and 4.56 cP, lower than those
reported in previous works by several authors when a
classical heating [132, 179, 180] was employed
however these data were in agreement with results
reported by Undri et al. [89] using MAP processes. All
bio-oils contained high percentage of oxygen and
hydrogen. This result can be explained with large
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presence of water and oxygenated chemicals formed
from thermal degradation of cellulose and lignin, and
this is the main reason for the low values of
EH CTheoretical .

4.6.3.2.2 H-NMR NMR was used to perform a
preliminary estimation of organic composition and
water content through 'H-NMR experiments, as shown
in Figure 43.

Figure 43: 'H-NMR spectra of bio-oils from MAP of
poplar clones, water signal was depleted.

-
2

D39
J m3s

Compounds abundances from 'H-NMR showed a high
percentage of substituted aromatic compounds, ethers
derivatives, unsatured compounds and aldehyde
derivatives. Signals of mobile protons of carboxylic
compounds were not detected but signals of protons
in o position to carboxylic groups were abundant
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(region 2.5-2.3 ppm) as reported in Table 31. Water
content of bio-oils was evaluated by using internal
standard technique as reported in experimental and
data are reported in Figure 44.

Figure 44: Water content in bio-oils from MAP of
poplar clones
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Water content of bio-oil was in good agreement with
those in the literature for fast pyrolysis using a
classical heating on samples of poplar [181]. A water
percentage about 40% was observed in ID34- ID37
and the water content was independent by setup (A or
B) or MW absorber (carbon or iron) but it was likely
related with the form of samples. Lower amount of
water was found in bio-oils from chips (ID38, clone I)
than ID39, (clone II). A higher water content was
observed in ID40 and ID41 when bio-oils were
obtained using chips and iron as MW absorber.
Surprisingly a low amount of water (17.5 %) was
found in sample ID42, obtained from leaves of clone
I1I.

129



Table 31: Composition (area %) of bio-oils from MAP

of poplar clones obtained from H-NMR data
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4.6.3.2.3 FT-IR ATR

All

bio-oils were characterized through FT-IR

analysis as show in Figure 45.
Figure 45: FT-IR spectra of bio-oils collected from
MAP of poplar clones
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FT-IR spectra showed absorptions in agreement
with the presence of highly oxygenated
compounds (bands in the range of 1380-1100, vc.
on, GC-MS and 'H-NMR analysis). In particular, a
huge presence of water (band in the range of
3600-3400 cm™, and 1800-1680 cm™) can be
detected in all the samples with exception of
ID42. In the latter case, the intensity of water
absorption was comparable with absorption of
saturated CH stretching (band in the range 2900-
2800 cm™). In all spectra strong absorptions of
free carboxylic groups and ester groups (band in
the range of 3600-3400 cm™, vou, band in the
range of 1800-1680 cm™ vc_o) can be detected.
Furthermore the presence of aromatic moiety was
confirmed by absorption of vc_c in the range of
1680-1580 cm™.

4.6.3.2.4 Quantitative GC-MS

The sixty most abundant compounds identified in MAP
of poplar clones with their experimentally found or
calculated RRFs, are reported in Table 32. The
identification of the compounds present was very
useful for the suggestion of the mechanism of
pyrolysis. The TICs of the GC-MS analysis of ID34-
ID42 are reported in Figure 46 where the peak of
diphenyl, employed as internal standard, is marked by
a star (*).
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Figure 46 :GC-MS chromatograph of MAP of poplar
samples, internal standard diphenyl is marked with star
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Table 33: Compounds identified in bio-oils from MAP

of poplar clones

Concentration
[mg/m]
w
Compounds [~
< n © N -] (=)) o - o
(o] (u] (0] (u] (9] 9] < < <
[a] a a a a a a [a] a
[ ] - - [ ] [ ] [ ] [ ] =i -
b 10..
Acetaldehyde 2 3.7 2.2 6.6 5.2 5.8 6.9 1 5.0 9.9
. : o 17 12. 24 52.
Formic acid g 27.7 16.1 24.5 4 1 1 5.0 4.9 3
Methyl acetate E 27.6 1.6 24.0 1.0 2.5 0.0 2.3 0.7 2.4
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~
2,3-Butanedione S| g4 5.7 7.6 00 | 89 | 10| | g5 | 1&
= 9 9 3
-
2-Butanone ; 3.6 2.1 3.0 2.8 3.8 3.4 4.5 1.8 0.0
. " @ 182 | 264 | 217 | 129 | 181 | 534
=z
Acetic acid z 245.1 203.9 207.0 0 3 s P 6 '3
- - - (o)}
1-Hydroxy-2 =] 2.0 27.7 2.1 2.4 2.5 41 23. 19. 4.5
propanone c 2 0 2
o
Benzene g 1.1 0.5 1.3 0.0 1.1 0.3 0.0 0.0 2.4
. <
2,3-Pentanedione et 0.8 0.5 0.6 0.6 0.8 0.9 1.0 1.1 1.7
Methyl 2- g
> 1.1 1.2 . . . . . . .
hydroxyacetate 2 6.0 0.5 0.0 0.0 1.0 1.9 1.7
. (o)}
1,3-Dioxol-2-one g 2.4 0.6 1.9 0.9 2.2 0.0 1.4 0.0 0.0
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- - - (2]

3-Hydroxy-2 = | o6 0.7 05 00 | 06 | 07 | 11 | 1.7 | 13
butanone S
~

Propanoic acid ; 1.7 1.8 1.1 1.6 1.8 2.5 2,4 3.5 3.6
-

2-Propenoic acid et 0.9 0.6 0.7 3.5 0.9 0.6 0.3 0.3 1.9
e}

(E)-2-Penten-2-one Z 1.2 0.5 0.3 0.2 1.4 0.5 0.4 0.0 1.7
- wn

Ethyl 3 ! 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 9.5
hydroxypropanoate S
wn

Propylene oxide z 2.5 0.9 2.7 0.0 1.2 2.6 0.0 0.0 0.0
M

Acetic anhydride s 61.0 3.3 4.5 0.0 0.0 0.0 0.0 5.2 123'
- o

Ethyl 2 - 4.2 0.0 0.0 0.0 0.0 0.0 3.1 3.7 0.0
oxopropanoate S
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1-Hydroxy-2- 2 57 74 6.3 32 | 61 | 37 | 61 | 79 | ¥
butanone o 4
oxg:aerg::yalni-ate E 0.0 3.9 5.8 2.2 4.3 2.7 0.6 2.0 0.0
Toluene g 0.9 0.5 0.7 0.2 1.0 0.2 0.0 0.0 2.0
Cyclopentanone 5 0.9 0.8 0.4 0.7 1.0 0.4 0.6 7.3 2.0
2-Cyclopenten-1-one 5 1.9 2.8 2.4 2.6 2.1 1.8 1.9 3.8 2.5
Furfural g 9.1 6.9 5.4 39 | 97 | 26 | 70 | 12| 37
2-Ethylbutanal § 1.7 1.3 1.3 0.7 1.8 0.0 0.0 0.0 0.0
2-Oxopropyl acetate E 3.0 2.5 1.2 0.0 1.0 1.8 2.2 2.3 2.6
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e}
Furanyl-2-methanol g 4.2 5.1 4.1 3.2 4.5 3.0 4.1 7.2 9.2
o2}
2(5H)-Furanone z 7.6 5.4 5.0 3.7 8.1 3.8 4.8 0.0 0.0
o
Cyclohexanone 2l 03 05 33 15 | 03 | 00 | 02 | 30 | o5
- - o
cydi;ii:‘r’l'_f_one a1 oo 1.6 0.0 12 | 04 | 00 | 09 | 1.1 | 00
- -2 <
;I)(;‘i"r:n"o:e S| o7 1.3 0.0 05 | 08 | 06 | 0.4 | 08 | 16
- 2 .
4 ;ﬁ;’;ﬁt’x:: S| o0 0.0 0.0 00 | 00 | 00 | 00 | 27 | 83
3- )
Methylcyclopentanon | © | 4.5 25 0.0 00 | 00 | 00 | 00 | 00 | 0.0
e
- -2 <
5 gﬁ;’;‘l’g:r:;gez S| oo 36 0.0 06 | 00 | 00 | 0.0 | 27 | 7.7
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- - = o

3-Methyl-2 @ | 00 0.0 1.1 00 | 00 | 0.0 | 00 | 26 | 1.9
cyclopenten-1-one S
<

Phenol hl 16.4 17.4 9.4 8.5 7. 6.1 8.5 13. 35

o 5 9 8
@

Butanoic acid S 1.4 1.3 2.3 0.0 0.0 0.0 0.0 0.0 0.7
2-Methoxy-3,4- =4

: ? 1.8 0.0 0.0 0.7 0.0 0.6 0.0 0.0 4.0
dihydro-2H-pyran o
- -3 | - (o}

2-Hydroxy-3-methyl- | & |, 0.0 0.0 00 | 01 | 02| 34 | 71 | 91
2-cyclopenten-1-one S
- - = - o

3-Hydroxy-2-methyl- | g | 36 3.0 17 | 00 | 00 | 00 | 00 | 00
2-cyclopenten-1-one S}
oo}

o-Cresol il 3.5 4.2 1.8 1.6 101' 1.3 1.4 1.2 22.

o 5
- - o

3-Methyl < | o4 0.0 0.0 00 | 48 | 24 | 00 | 00 | 0.0
cyclohexanone S
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n
Pentanal o 0.0 0.0 6.3 0.0 1.7 5.3 0.0 0.0 0.0
2 10.
m-Cresol 2 10.1 10.0 0.0 3.2 7 0.0 0.9 0.0 0.0
i3 22.
p-Cresol o 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 o
i e 10.
Guaiacol hs 4.8 3.9 2.8 0.2 5.1 2.4 0.0 3.3 4
5- <
Oxotetrahydrofuran- g 0.2 0.0 0.0 0.0 0.0 2.0 0.5 0.9 1.9
2-carboxylic acid
g 16.
Pyrocatechol o 7.6 6.0 4.0 2.1 8.1 3.8 3.8 5.5 P
- -5= <
2-Methoxy-5 < 2.2 1.8 1.3 06 | 23 | 08 | 00 | 1.2 | 00
methylphenol S
-
Naphthalene g 1.1 1.3 0.6 0.5 1.2 0.0 0.0 0.0 2.4
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- - -
4-Methyl T | 23 1.7 1.1 04 | 01 | 03 | 07 | 13| a9
pyrocatechol S
- - n
3-Methoxybenzene @ | 21 14 15 05 | 1.0 | 08 | 1.1 | 00 | 45
1,2-diol S
- - n
2-Methylbenzene < | o0 0.0 0.0 00 | 05 | 03 | 00 | 01 | 48
1,4-diol -
- - - n
4-Hydroxy-2 w202 1.8 1.0 06 | 00 | 05 | 0.0 | 01 | 0.0
methylacetophenone o
. n
Syringol g 4.7 3.9 2.5 1.1 0.0 0.0 2.5 0.1 0.8
~
m-Eugenol e 2.5 2.3 1.8 0.7 2.5 0.1 0.1 0.0 0.0
- n
. 1,2,4 in 2.2 1.8 1.1 0.4 2.3 0.5 0.7 0.0 4.7
Trimethoxybenzene S
o
Levoglucosan g 4.4 3.0 1.5 0.0 0.0 0.8 0.0 0.0 9.6
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1,2,3-Trimethoxy-5-
methylbenzene

0.67

1.7

1.6

0.8

0.0

0.5

0.4

0.0

0.0

1-(3,4-
Dimethoxyphenyl)et
hanone

0.66

1.3

0.9

0.8

0.3

0.7

0.0

0.2

Total
assignemen
t [wt%]

52.0

39.0

40.0

a) Total

Phenol, guiacol and its derivatives, pyrocatechol and
its derivatives from pyrolysis of lignin together with
levoglucosan, and furan derivatives from pyrolysis of
cellulose were detected in all bio-oils. Also aromatic
single ring and polycyclic compounds were detected in
a concentration up to 156.3 mg/mL in ID42, Figure

47.
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assignment was calculated with formula
100*(summa of weight of assigned compounds)/(1 mL bio-oil)




Figure 47: Aromatic compounds concetrations in bio-ils
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The use of setup B, that is increasing the permanence
of products in the pyrolysis oven leaded to a decrease
of aromatic compounds into bio-oils (ID36 and ID37)
caused by their rearrangement for formation of GC
undetectable high molecular weight compounds and
carbon. Moreover bio-oil from clone I (ID38) showed a
high percentage of aromatic compounds than clone II
(ID39). Use of iron as MW absorber (ID40), instead
of carbon (ID38) caused a lower formation of
aromatic compounds when the same type of clone
(clone I) was employed while an opposite behaviour
was shown for clone II (ID41 and ID42), indicating
that the type of clone plays an important role on the
amount of aromatic products present in bio-oils. The
amount of levoglucosan in the bio-oil was influenced
by use of a MW absorber employed in the course of
the pyrolysis [182] and the operative conditions
adopted [183]. Iron and setup B caused a strongly
decrease of levoglucosan amount in bio-oils. Side
reactions on iron surface might take place in
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agreement with the hypothesis reported by Undri et al.
[89] as well as an increased of the residence time into
MW oven, due to setup B, might cause further
reactions of levoglucosan decreasing its concentration
(ID36 and ID37). Secondary reactions of
levoglucosan produced a wide variety of furanosidic
compounds like furfural, detected through GC-MS, in
agreement with results reported by Kawamoto et
al.[184]. Use of leaves of clone III as starting material
and carbon as a MW absorber allowed to produce a
bio-oil rich in levoglucosan (9.6 mg/mL). Acetic acid
was always present in very large amount with
concentration close to 250 mg/mL in ID34-ID39. A
lower concentration of acetic acid was detected in
ID40 and ID41 probably due to the presence of iron
as MW absorber because it may catalysed its
decomposition. Bio-oil from experiment ID42 (leaves
of clone III) showed the surprisingly highest
concentration of acetic acid (534.3 mg/mL) among all
bio-oil formed. This high concentration of acetic acid
may be attributed to a different composition of leaves
with respect to stump-roots [176, 185] and to
different temperatures of processes as suggest by
Demirbas [186]. Indeed experiments ID34-ID39
showed different temperatures of pyrolysis but close
range of acetic acid concentration while opposite
results were obtained in experiment ID40-ID42.
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4.6.3.3Gas

Gas from MAP of poplar was analysed through FT-IR
spectroscopy. Spectra collected are shown in Figure
48.

Figure 48: FT-IR spectra of gas from MAP of SRC of

poplar
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Bands in the range of 3750-3500 cm™ showed the
presence of water (voy) while the presence of CO and
CO, were proved by bands at 2150-2000 cm™(vco) and
band at 2300 cm™ (voco), respectively. The presence of
light hydrocarbons such as methane, ethane, ethylene
were confirmed by bands in the range of 3250-3000
(stretching of CH of methylenic groups) cm™ and
2950-2750 cm™ (stretching of CH of methyl groups).
Presence of light carbonyl compounds (such as
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formaldehyde or acetaldehyde) was evidenced by
bands in the range of 1875-1750 cm™ (vc-o) and these

bands were particularly appreciable in ID37 and
ID42.

145



5. CONCLUSIONS

This research has clarified some key points about
Microwave Assisted Pyrolysis (MAP) of lignocellulosic
biomass.

Pyrolysis of waste biomasses using an alternative
energy source, such as microwave, has been realized
obtaining three relevant classes of materials: a solid, a
liquid and a gas.

The relevance of different apparatus on MAP yield were
tested. Generally the use of different set-ups allow to
exploit sample differences, avoiding hard pyrolysis
conditions as shown in the ID34-ID42 for different
poplar clones. Also the reduced pressure used in the
study of MAP of lignin had a very appreciable effect on
the MAP vyields as reported for ID9-ID14. Using the
data collected a mechanism was proposed to explain
these results.

Various MW absorbers, very different among them,
were tested. MW absorber type affected MAP yields
and bio-oils composition. Carbonaceous types promote
bio-oils formation around 30-40 wt% but it is very
interesting the different behaviour shown by metal
traces containing carbon with respect to graphite in
MAP of cellulose. The use of graphite allowed to
recovery a high concentration levoglucosan up 138
mg/mL in ID8 because it was avoided its further
cracking reactions. On the contrary metal trace
present in carbon recovered by MAP of tire cause a
catalytic decomposition of levoglucosan. The use of
pure metal as Fe power allow to run stronger pyrolysis
conditions during MAP experiments with higher values
of maximum temperature reached. Metal oxides like
SiO, and Al,O; were tested and according with data
reported by several authors they induce a very
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efficient cracking degradation of biomass. Particularly
interesting was the use of Al,O; (ID25) because it was
used to monitor the temperature reached through a
characterization of the bio-char with XRPD analysis.
Results obtained are an indication of the absence of
hot-spots during pyrolysis on the contrary of results
reported by Undri et al.[115] for MAP of tire. Using
NaOH as MW absorber (ID26) acetic acid was
detected in the bio-oil and this result indicate that
acetic acid is mainly formed in gas phase. In fact
acetic acid concentration was comparable to those
reached in other experiments where a strong base as
MW absorber was absent. Using SiC promote a large
formation of bio-char due to a strong cracking process
even if a high temperature was not reached, in
agreement with previous results reported by Bartoli et
al.[81] for MAP of waste polystyrene.

The relevance of different biomass organs on yields of
MAP were tested on different clones of poplar or
A.donax. Results showed a strong correlation of yield
and bio-oil composition with the organ processed for
both species. At same time MAP of different poplar
clones showed how it possible magnified or reduce the
differences in yields and bio-oils compositions using
different set-up (A or B), different dimension of the
biomass (powder or chips) and different MW absorber
(carbon or Fe).

Various methodology for bio-oils characterization were
developed and applied. Particularly the NMR analysis
was employed for the estimation of water content
while and quantitative GC-MS method very developed
and employed for identification and quantification of
the various components present in bio-oil samples in
order to realize as an ordinary laboratory activity the
analysis of these very complex mixtures.
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The method for quantitative GC-MS analysis, was
originally developed for GC/FID, it was modified and
standardized for GC-MS systems, then it was
successfully employed to identify and quantify up to
three hundred compounds present in bio-oils. The
identification and quantification of the compounds
present allowed to suggest some consideration on
mechanisms of degradation of biomasses during MAP.
Particularly it was described for the first time the
pathway of aromatic formation during cellulose
pyrolysis and the amount of some key intermediates
was reported.

Bio-oil usually contained a high acetic acid
concentrations, in the range among 75.8 mg/ml in
ID28 to 543.3 mg/mL in ID42. Also a large amount of
aromatic compounds, and furans as advanced
pyrolysis products were identified in some bio-oils.

Bio-chars showed interesting properties like low ash
content and high combustion value but they were
mixed with MW absorber, so, depending on the use of
this material, a separation processes through
elutriation, washing, magnetic separation Is required.
To avoid the separation MAP may be carried out using
the bio-char of a previous process as a MW absorber.

Gas fractions were mainly composed by water and CO,
with trace of small organic molecule such as
formaldehyde, acetaldehyde and organic acids.

The data collected from MAP of biomass showed this
methodology as a sound and promising way to process
biomass wastes. Solids recovered from MAP processes
can be employed as solid fuels, eventually after a
separation of MW absorber and gas fraction can be
treated and then disposed as non-pollutant gas. Bio-
oils can be find a lot of application as a source of some
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chemicals such as pesticides [187] or mixtures for
chemical treatments [141] or employed to separate
through an extraction or a fractionating process [179]
the more interesting compounds present, such as
acetic acid, aromatics and furans. The residue after
separation may be employed as a fuel to produce part
of the energy required to carry out the MAP process.
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