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1. Introduction

1.1 Biomass and Global Warming

Human activities, in particular the use of fosailfs, are changing the composition of the
atmosphere and its properties; one of the majolirapdrtant effects is the increasing of
Greenhouse Gases (GHGs) from 280 ppm of pre-indukdvel to the current C&q concentration

of 430 ppm (CQ@and other GHGS). The total emission of GHGs deriving from humativéties in
2004 was 49 GtCgeq of which 77% was C£{14% methane, 8% nitrous oxide and 1% other GHGs

(e.g. perfluorocarbon and sulphur hexafluoride).

Figure 1.1.1:scheme of major net carbon fluxes and sinks (tte ala Carbon pool are adapted
from Lal, 2007 and the data on fluxes are from IPCC, 2601.

Fossil fuel
combustion +4.1Gty?
+3~4 ppmy*

Atmosphere 760 Gt

Land Use Change
-1
166G

Life 560 Gt

Fossil Carbon
4130 Gt

Soil
Coal: 3510
Oil: 230 AT
CH4: 140
others: 250
2.8 Gt Yt

+Temperate forest growth

+ Unknown Land sinks

Focusing on carbon cycle (Figure 1.1.1), out ofat8eGt y* of carbon that human activity converts
into CQ, each year (30 Gt), 7.7 Gt'yome from fossil-fuel emissions and 1.6 Gtfyom land use
change, mainly in the tropical regions. On aver@g& Gt y* are stored in the oceans and 2.8 Gty

are sucked up by land-based carbon sinks (maiohlyigg temperate forests and other unknown

! http://www.esrl.noaa.gov/gmd/obop/mlo/programs/skeapages/search_ccgg.html

2 |PCC 2007: 4th Assessment Report:Climate Chang&:28ynthesis Report.
http://www.ipcc.ch/publications_and_data/publicatioipcc_fourth _assessment_report_synthesis_refport.h
®R. Lal. Carbon Sequestration. Phil. Trans. R. 80863 (2008) 815-830.
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sinks), and 4.1 Gt{remain in the atmosphere causing an increaseedbtGs concentration with
an annual rate of 3-4 ppnityas CQeq?

There are compelling evidences that the increasiigyeen House Gases (GHGs) emissions could
have an effect on climate and determine an increbglmbal temperatures.

The latest predictions indicate that if GHGs enaissiwill remain at the current level, their
concentration would triplicate the pre-industreél within 2100, causing a warming of 1.1-6.4°C,
In fact, a warming of 5°C on a global scale woutdfér outside the experience of human
civilization and comparable to the temperatureetldhce between last ice age and today.
Although different previsions have been claimed #ede is a large uncertainy of the expected
warming, there are evidences that the temperatgreasing and the consequential climate change
effects (e.g. change in surface runoff or incredsmastal areas vulnerability) will have an adeers
effect on human economy and on biodiversity.

In order to reduce the risk of global warming,estst 3.2 Gt of C&q y* have to be removed from
the atmosphere, and this could be done followifigmint approaches, such as the reduction of CO
emissions, obtainable by reducing energy consumgaitinal raising of energetic efficiency, the
decreasing of the emissions due to concrete Ingfldand the substitution of fossil fuel energy

with renewable GHGs neutral energy.

Among the available options for GHGs saving, asfimhty is to exploit the chemical energy
captured into biomass, to substitute fossil carleoergy and fuels by combustion or other
conversion techniques.

Biomass fixation represents a huge carbon flow gnietary production, NPP) which consists in
about 57 Gty and 50 Gt ¥} in terrestrial and oceanic ecosystems, respeytivel

A portion of the global NPP can be diverted fromnatural fate (e.g. decomposition and feeding of
natural trophic webs), to produce renewable energgnore in general, to obtain some GHGs
offsets.

Before the beginning of the industrial revolutiblgmass energy was the dominant energy source
worldwide.” Nowadays, it is still important, accounting for44f world primary energy

consumption,or roughly one-third of the energy fr@mewable resourcés.

* IPCC 2001 Climate change 2001: the scientificsdsiergovernment panel on climate change. CambridK:
Cambridge University Press.

® L. Gustavsson, K. Pinguod, R. Sathre. Carbon BimBalance of Wood Substitution: Comparing Coneratel
Wood-Framed Buildings. Mitigation and Adaptatioma®gies for Global Change 11(2006) 667-691.

® M. J. Behrenfeld1, J.T. Randerson, C.R. McClaii;.Geldman, S.O. Los, C.J. Tucker, P.G. Falkow§kB. Field,
R. Frouin, W.E. Esaias, D.D. Kolber, N. H. PollaBkospheric primary production during an ENSO traos. Science
291 (2001) 2594-2597.

’S. D. Fernandes, N.M. Trautmann, D. G. Streets, Bg%len,T.C. Bond. Global biofuel use, Global Rioghem.
Cycles 21 (2007) 1850-2000.
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Beyond the actual biomass use, a larger and mteetiek biomass use is currently proposed as
one of the solutions for substantial cutting theess CQreleased. These solutions comprised the
use of biodiesel from oleaginous crops (e.g. ragukse oil palm) and ethanol based fuels produced

from corn or sugarcane.

Figure 1.1.2: percentage of human appropriated NPRQGrp) from (a) land use change and (b)
biomass withdrawal (HANPP), with permission fromhidd et af*’
a
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Nevertheless, it should be noticed that human ggation of terrestrial NPP is estimated to be
already in the range of 23-40% of the total, duthéoharvest (12% of terrestrial NPP), the decrease
in NPP resulting from replacement of natural ectesys by human-modified ecosystems, and the
shift of NPP from natural pathways to human-medidbss pathways, including deforestation and
wildfire.>*®**Moreover, as shown in figure 1.1.2, this NPP appation rate is geographically

heterogenous and approaches 80% in most densaljapeg areas (e.g. Po valley in Italy).

8 M. Parikka. Global biomass fuel resources. BionzassBioenergy 27 (2004) 613-620.

°C. B. Field, J. E. Campbell, D.B. Lobell. Biomasgrgy: the scale of the potential resource Trémésology and
Evolution 23 (2007) 65-72.
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These numbers and facts, especially for terresggurces, highlight how a further potential
sustainable exploiting of biomass could be seripligiited.

A key point for sustainable biomass utilization lcbibie an increase of crops yields or oceanic NNP.
This approach (e.g. farming improvement, genetgirezering, production of microalgal biomass)
acts in the direction of “artificially” raising uime overall NPP. By this way it is possible to gtiow
and harvest more biomass for energetic use wittealutcing the nature owned NPP, and therefore
without demaging bio-diversity and ecosystem funiities. Another option is to produce
renewable energy from agricultural residues (ABBgady owned by human activities and
consisting in about 2-3 Gt of carb&nthat under the current situation are mainly buiiesoil and
open burnt. ARs represent an enormous carbon Btatively easy to manatfevoiding any

further NPP withdrawal or competition with food.& burrent management does not guarantee any
significative carbon offset under warm and wet elies (due to a too fast decomposition of humic
carbon formed from ARs degradation) and allows @nligtle carbon offset in temperate and cold
climates (10-20% Gum/Car effectiveness due to accumulation of humus intbasorelativey

stable sink }3

Despite ARs are often characterized by high askenveand nitrogen content in comparison to
standard fuel wood, by using a large array ofrtttehemical or biological conversions it is
technically possible to convert a large range ofemials into renewable energy, and then it is
possible to gain a significant fossil fuel subgidn.

For these reasons, ARs are one of most intereglintpsynthesis by-products for carbon neutral
bio-energy production and alternative geo-engimegoptions:* Nevertheless, the removal of ARs
from soil is a debated option from an environmeptaht of view, mainly due to the risk of soil
carbon decrease and consequential fertility 1oss.

These facts lead to the so-called climate, foodsanidtrilemma”,*® that stresses the importance of

a fine tuning of the quantities and the qualitiebiomass withdrawal together with the

1%4. Haberl, K.H. Erb, F. Krausmann, V. Gaube, A. Beau, C. Plutzar, S. Gingrich, W. Lucht, M. FiscKemalski.
Quantifying and mapping the human appropriationeifprimary production in earth’s terrestrial ecisyns. Proc.
Natl. Acad. Sci. U. S. A. 104 (2007) 12942-12947.

Yp M. Vitousek, PR Ehrlich, AH Ehrlich, P.A. Mansdtyman appropriation of the proudcts of

photosynthesis. Bioscience 36 (1986) 368—-373.

123.S. Gregg, S.J. Smith. Global and regional paiéfiii bioenergy from agricultural and forestryides biomass.
Mitig. Adapt. Strateg Glob Change 15 (2010) 242-26

13).S. Jenkinson. The turnover of organic carbonrgindgen in soil: Quantitative Theory in Soil Praivity and
Environmental Pollution, Philosophical TransactidB®logical Sciences 329 (1990) 361-368.

143 E. Strand, G.B. Benford. Ocean sequestrationagf eesidue carbon: recycling fossil fuel carbonkoie deep
sediments. Environ. Sci. Technol. 43 (2009) 100071

D L. Karlen, R. Lal, R.F. Follett, J.M. Kimble, J.Hatfield, J.M. Miranowski, C.A. Cambardella, Aa¥ale, R.P.
Anex, C.W. Rice. Crops Residues: the rest of thgysEnviron. Sci. Technol. 43 (2009) 8011-8015.

D, Tilman, R. Socolow, J.A. Foley, J. Hill, E. lsan, L. Lynd, S. Pacala, J. Reilly, T. Searchin@erSomerville, R.
Williams. Beneficial Biofuels—The Food, Energy, aBdvironment Trilemma. Science 325 (2009) 270-271
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improvement of environmentally friendly solutioresd. bio-char system<)and the increasing in

efficiency of conversion technologies.

1.2 Pyrolysis of Biomass

1.2.1 Liquid energy carrier from pyrolysis of biomass
In order to obtain renewable energy from relativélily biomass, one of the simplest ways is to
subject the feestock to thermochemical treatmduatsically they consist in the application of heat
under controlled conditions, with the final respiitconverting the biomass into desired materials
and energy. This can be done by following differgndtegies, each one able to provide different
conversion effectiveness to energy (heat or etatt)j energetic products (fuels) and materials
(char or chemicals).
* by direct combustion to provide heat for use in detic heatingfor steam production and
hence electricity generation.
* by gasification to provide a fuel gas that can bmbfor energy or converted to syngas by
steam reforming (in turn convertible into a largeag of fuels and chemical products).
» by fast pyrolysis to provide a liquid fuel (bio-pik substitute for heavy fuel oil in static

heating or electricity generation.

Among all the different thermochemical conversioogesses, pyrolysis of biomass consists in
heating under a stream of inert gas. This procegsades biomass polymers in partially volatile
fragments, rapidly swept off to cold collectors aegharated into a condensed phase and a gas
phase. During this process, a variable amount af (donsisting of carbonaceous matter) is formed.
The basic aim of pyrolysis is to transform a salsth-rich feedstock into an ash-poor liquid product,
called bio-oil.

Nowadays the biomass-to-bio-oil route is the bicsrasliquid process with the highest processing
efficiency (mainly thanks to relatively low operagitemperature), and bio-oil is widely considered
the cheapest liquid fuel obtainable from wastedigellulosic biomass® The liquid form of fuels

173, Lehmann. A Handful of Carbon. Nature 447 (12003)144.

3R, P. Anex, A. Aden, F. K. Kazi, J. Fortman, R. $vanson, M. M. Wright, J. A. Satrio, R.C. BrownEDDaugaard,
A. Platon, G. Kothandaraman, D. D. Hsu, A. Duffaachno-economic comparison of biomass-to-transpontéuels
via pyrolysis, gasification, and biochemical pataia-uel 89 (2010) S29-S35.
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offers some advantages with respect to solid feeisbecause it can be readily stored and
transported and (when economically viable) possiisld for production of chemicals.

Bio-oil, also known as pyrolysis oil, pyrolysis ligl and others, is usually a dark brown, free-
flowing liquid with a distinctive smoky smell. Thehysical properties of bio-oils have been
described in several publicatiol®?*These properties derive from the chemical compmsii
the oils themselves which are significantly differé&om petroleum-based oils. Bio-oils are
multicomponent mixtures of different size molecypesnarily deriving from thermal induced
depolymerization and fragmentation reactions of lkieynass building blocks: cellulose,
hemicellulose, lignin and, in some case, lipidgrastives and proteirfs.

A large range of pyrolysis process (e.g. Figurellshows the well known dynamotive™ pyrolysis
process) based on different feedstocks have baentpd. Different equipments are characterized
by different heat and mass transfer rates as wallfferent actual reaction temperatures.

Several reactor configurations have been studiemsore acceptable quality of liquid and to
achieve yields of liquid product as high as 70-88#ed on the starting dry biomass wefght.
They include bubbling fluid bed8;?**3circulating and transported beds? cyclonic reactor§?=°
and ablative reactots In the 1990s, several fast pyrolysis technolobise reached near-

commercial status.

¥D.C. Elliott, Analysis and Comparison of Biomassdtysis/Gasification Condesates — Final Report. P43,
Contract DE-AC06-76RLO 1830, 1986.

G.V.C. Peacocke, P. A. Russel, J. D. Jenkins, Britlgwater. Physical Properties of Flash Pyrolysiguids,
Biomass Bioenergy 7 (1994)169-178.

2| . Fagernas. Chemical and Physical Characterisafi@iomass-based Pyrolysis Oils. Literature ReviEspoo
1995, Technical Research Centre of Finland.

%A, Oasmaa, Y. Solantausta, V. Arpiainen, E. KuoapHl Sipila. Fast Pyrolysis Bio-Oils from Wood and
Agricultural Residues, Energy Fuels, 24 (2010) 13868.

%3, Czernik , A.V. Bridgwater. Overview of Applicatis of Biomass Fast Pyrolysis Oil. Energy Fueg2004) 590-
598.

AV .Bridgwater, G.V.C. Peacocke. Fast pyrolysisqasses for biomass. Sustainable and RenewablgyEner
Reviews, 4 (1999) 1-73.

D. S. Scott, J. Piskorz, D. Radlein. Liquid Prodiufeom the Continuous Flash Pyrolysis of Biomasd. Eng. Chem.
Process Des. Dev.,24 (1985) 581-586.

%A, Robson. 25 tpd Border Biofuels/Dynamotive Plianthe UK. PyNe Newsletter 11, May 2001, Aston Uity
UK, 1-2.

?’R.G. Graham, B.A. Freel, M.A Bergougnou. The Praiduacof Pyrolysis Liquids, Gas, and Char from Waoul
Cellulose by Fast Pyrolysis. In Research in Thetmaucal Biomass Conversion; Bridgwater, A. V., KieesJ. L.,
Eds.; Elsevier Applied Science: London 1988; pp-629.

%8B, M. Wagenaar, R. H. Vanderbosch, J. Carrasc&tienziok, Scaling-up of the Rotating Cone Tecbgyplfor
Biomass Fast Pyrolysis. In 1st World Conference Exitibition on Biomass for Energy and Industry, iBeyvSpain,
June 2000.

293, Czernik, J. Scabhill, J. Diebold, The Productibhiquid Fuel by Fast Pyrolysis of Biomass. JI. Emergy. Eng.
117 (1995) 2-6.

30 G.V.C. Peacocke, A. V. Bridgwater. Ablative fagtgysis of biomass for liquids: results and ana/dn Bio-oil
production and utilisation; Bridgwater, A. V., Hoge&. H., Eds. CPL Press: Newbury, UK, 1996; pp45—

31J. Diebold, J. Scabhill, Production of Primary Rysts Oils in a Vortex Reactor. In Pyrolysis Oitsiih Biomass:
Producing, Analyzing, and Upgrading; Soltes, EMilne, T. A., Eds.; ACS Symposium Series 376, A@&shington,
DC (1988) 31-40.

8



Figure 1.2.1: example of fast pyrolysis process from Dynamotiv&™
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In all the reactor configuration, from a chemicaim of view, flash pyrolysis could be
conceptually considered as a rapid auto-catalyeaction®> Biomass constituents, subjected to
heating, start to break and produce a significemdunt of polar compounds, which impregnate the
feedstock and catalyze a prompt increase of reacdit®. At this time, biomass foams out pyrolysis

products, that carry on (as aerosol droplets) pelgnmelted lignin and some ash.

1.2.2 Bio-oil asenergy carrier

The liquid fraction resulting from fast pyrolyssa complex matrix, usually biphasic, that consists
of many including (as major categories): hydroxghlgdes, hydroxyketones, sugars,
anhydrosugars, sugar oligomers and polymers, cglibacids, monomeric phenolic compounds
and pyrolitic lignin.

Bio-oil can be considered a microemulsion in witod continuous phase is an aqueous solution of
holocellulose decomposition products and small mdés from lignin decomposition. The
continuous liquid phase stabilizes a discontinyzhese that is largely composed of pyrolytic lignin

32 http://www.dynamotive.com/technology/fast_pyrolysis

3 V. Mamleev, S.Bourbigot , M. Le Bras, J. Yvon. Taets and hypotheses relating to the phenomermabgiodel of
cellulose pyrolysis Interdependence of the stejaairnal of Analytical and Applied Pyrolysis. 84 (20)1 -17.
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macromolecules (consisting in large lignin fragnsesft650-1300 daltorif*®> Microemulsion
stabilization is achieved by hydrogen bonding aadamicelle and micromicelle formation.
Bio-oil, from some points of view, could be consitkas a renewable substitute to heavy fuel oil

(HFO), usually used for electricity generation @sdsource of heat in cement kilns.

Table 1.2.1: propreties of wood derived bio-oil and heavy foief>

physical property Wood Bio-oil Heavy fuel oll
moisture content % 15-30

pH 2.5 -

specific gravity 1.2 0.94
elemental composition ~ ~GHO0.6No.001 ~CHy.600.19No.05
ash 0-0.2 0.1

HHV, MJ/kg 16-19 40

viscosity (at50°C), cP 40-100 180

solids, wt% 0.2-1 1
distillationresidue, wt % <50 1

Nevertheless two fuels exhibit marked chemicophatsidferences, that are examined in table
1.2.1. In fact bio-oil is a relatively corrosiviguiid characterized by a pH around 2.5. Acidity
becomes really problematic in high temperature gafengines or turbines, with fast deterioration
of materials commonly used in energy generatioresys >’ Moreover elemental composition
(bio-oil is enriched in oxygen and sometimes imagen) of bio-oil determines a lower (16-19
MJ/kg) higher heating value (HHV), when compamr@dHFO. Last but not the least, bio-oil is a
reactive liquid (mainly due to co-presence of alakds and phenols) that polymerize and carbonize
when heated, with the consequence that pyrolybis oot distillable (distillation residue is up to
50% by weight) and then not easily vaporizable.

These properties have important impacts on thawehof bio-oil during combustion and
consequently on the applications for energy pradogh standard equipments. Bio-oil is
combustible but not flammable (because of the lontent of volatile components), this implies

%B. Scholze, C. Hanser, D. Meier. Characterizatibthe water-insoluble fraction from fast pyrolyiguids (pyrolytic
lignin) Part Il. GPC, carbonyl goups, and 13C-NMRBurnal of Analytical and Applied Pyrolysis

58-59 (2001) 387-400.

%J.Piskorz, D. S. Scott, D.Radlien. Compositionits obtained by fast pyrolysis of different wootts Pyrolysis Oils
from Biomass: Producing Analyzing and Upgrading;ékiman Chemical Society: Washington, DC, 1988; p-1.78.
3. Gros. Pyrolysis oil as diesel fuel. In: Powasdarction from biomass II. VTT Symposium 164, Espb@96.

373, Leech. Running a dual fuel engine on pyroly#idm Biomass gasification and pyrolysis: state of thiesad future
prospectsM. Kaltschmitt, A.V. Bridgwater, Eds. CPL Prebgwbury, UK, (1996) 175-85.
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that it requires significant energy for ignitidsyt once ignited, it burns with a stable self-sinsta
flame.

Despite large differences in fuel properties anahloostion mechanisms, the burning times of bio-
oils were comparable to those of No. 2 fuel oilemthe same conditior:>°

Concerning real equipment tests, combustion behavibio-oil was evaluated using different scale
boilers and internal combustion engines, gas-termjectors and systems and pyrolysis liquid
could be burnt efficiently in standard or modifietationary equipments for electrical energy
generation?®

Concerning the use of bio-oil as transportation, filne largest drawnback came out from acidity of
the bio-oil that determines the corrosion of engialboys. Anyway, it was demonstrated that the
problem can be partially solved by admixing big-by means of microemulsion technique, with
hydrocarbon (or bio-diesel) fuels, minimizing tHéeetive surface interaction between corrosive

fuel and metallic components?#243

1.2.3 Bio-oil as sor ce of advanced transportation fuelsand chemicals
Beyond the direct fuel application of pyrolysis, @hother option is to use bio-oil as feedstock for
the synthesis of upgraded transportation fuels@oarrce of chemical intermediates.
Three routes that produce “chemicals commoditie€uorent transportation fuel could be
envisaged:
« Steam reforming or gasification of bio-oil (or hid-and char slurry§**>*®into syngas (as
coal derived syngas substitute) and optional catatpnversion of syngas to Fischer-

3 M. Wornat, G. Bradley, N. Yang. Single Droplet Gaustion of Biomass Pyrolysis Oils. Energy Fueld 894)
1131-1142.

% R. Shaddix, S. Huey. Combustion characteristidastf pyrolysis oils derived from hybrid poplar.Developments
in Thermochemical Biomass ConversidnV. Bridgwater, D.G.B. Boocock, Eds.; Blackie@demic & Professional:
London (1997) 465-480.

“0D. Chiaramonti, A. Oasmaa, Y. Solantausta. Poweetation using fast pyrolysis liquids from bioma&@snewable
and Sustainable Energy Reviews. 11 (2007) 1056—-1086

*IM. Ikura, M. Stanciulescu, E. Hogan, Emulsifioatiof pyrolysis derived bio-oil in diesel fuel. Bimss and
Bioenergy 24 (2003) 221-232.

Hkura et al. US patents

*3R. Calabria, F. Chiariello, P. Massoli Combustiondamentals of pyrolysis oil based fuels. ExperitaeThermal
and Fluid. Science 31 (2007) 413-420

“D. Wang, S. Czernik, D. Montane, M. Mann, E. CletriBiomass to Hydrogen via Fast Pyrolysis and IQita
Steam Reforming of the Pyrolysis Oil or Its Frantolnd. Eng. Chem. Res. 36 (1997) 1507-1518

% G. van Rossum, S. R. A. Kersten, and W. P. M.Swamaij. Catalytic and Noncatalytic GasificationRyfrolysis Oil.
Ind. Eng. Chem. Res. 46 (2007) 3959-3967

%03, Czernik, R. Evans, R. French. Hydrogen fronmaiss-production by steam reforming of biomass pgisloil.
Catalysis Today 129 (2007) 265—268.
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Tropsch diesel’ syn-methané'®“°

ethanol®** or methanof**(usable as automotive fuel
after conversion to dimethyl-ethéf)>

» Hydrogenation of bio-oil and catalytic crackinghofdrogenated bio-oil over shape selective
zeolites (e.g. H-ZSM-5) with the production of amio and alkyl aromatic compounds,
usable in chemical synthesis or blended with stahdasoline®>"*8

» Fermentation of bio-oil obtained from low ash bi@®#e.g. pre-treated cellulosic biomass)
for ethanol (or other biogenic alcohol) and chernpcaduction, in thermochemical-biologic

hybrid systems®°

Figure 1.1.2 (a) (b) (c) shows a simplified schexhthe three thermochemical Biomass-to-fuel
routes and an integrated thermo-biochemical biosta$ésel scheme.

Gasification (figure 1.1.2a) route is a well esistidd commercial process (mainly on coal and raw
biomass) representing more than half century atesgiical researches for the obtainement of
automotive liquid fuels form co&f.On the contrary, other two routes feseabilitiesanested only

in pilot or in lab scale.

“'R.W.R. Zwar, H. Boerringter, A. van der Drift. Thepact of biomass pretreatment on the feasibilftg\@rseas
biomass conversion to Fisher-Tropsch products,@nend Fuels 20 (2006) 2192-2197.

“8 M. Seemann, S. Biollaz, S. Stucki, M. Schaub, {€hérnig, R. Rauch. Methanation of biosyngas antikaneous
low-temperature reforming: first results of longalion tests at the FICFB Gasifier in Glissing.14th European
biomass conference & exhibition. Biomass for Endrglustry and Climate Protection, 17-21 Octobers2®taris,
France.

493, Biollaz, S. Stucki. Synthetic natural gas/b®@io-SNG) from wood as transportation fuel—a cangon with
FT liquids. In: Second world conference on bionfas&nergy, industry and climate protection, 10Maly 2004,
Rome, Italy.

0 J.J. Spivey, A. Egbebi. Heterogeneous catalytittssis of ethanol from biomass derived syngasnids Society
Reviews, 36 (2007)1514-1528.

L X. Pan, Z. Fan, W. Chen, Y. Ding, H. Luo, X. B&mhanced ethanol production inside carbon-nanatesetors
containing catalytic particles. Nature Material2607) 507-511.
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In the first scheme steam reforming or gasificatom performed, then the overall reaction
comprises thermic decomposition of bio-oil (ste@fomming can be considered
CH,O+H,O=>»CO,+2H,, where gasification can be conceptually considase@HO=> CO +

Hy)and then eventual gas-water shift (if needed pgsquent process stoichiometry), followed by

synthesis of methanol or Fischer-Tropsch process.

Figure 1.2.2: Pyrolysis based conversion processes for the abtaent of liquid fuels and
materials through (a) pyrolysis-gasification (b)pysis-catalytic de-oxygenation (c) hybrid

thermo-bio-chemical route.
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The main advantages of fast-pyrolysis/gasificaigstems on direct gasification of biomass are due
to the liquid nature of feedstock (easier pressdrinjection and easier feedstock stordgafd to
the relative low amount of ash in the pyrolysis bdth crucial factors in the case of ARs treatimen
(ARs have usually high content of “slagging ashes”)

Since the gasification plant has to be large itesttavhereas pyrolysis is a relatively smaller
process, the overall scheme allows the de-cerditadiz of bio-oil production (small diffused
pyrolysers), but it mantains the centralized geaifon plant scale required for economics of
process.

The second scheme (figure 1.1.2b) involves thelpsiooil processing in standard refineries
equipment (e.g. fluid catalytic cracking units) ggped with shape selective catalysts (e.g. ZSM-5
zeolite), able to convert pyrolysis oil into smiaigments addictable to gasoline-like compounds
(mainly benzenes alkylbenzenes and naphtalenesndoeracking, a large amount of coke is
usually formed, and the amount of coke dramatidaltyeases by using reactive bio-oils (bio-oils
high in aldehydes and lignin derivatives) and ragvdil with a larger oxygen content with respect
to stechiometric ratio. In order to overcome thelsenomena, preliminary hydrogenatidaf bio-

oil together with methanol or hydrocarbons co-ciagtas been proposéd®*

An interesting recent proposal was that to couggleeamochemical treatment with a biological up-
grading. The basic idea is to use fast pyrolysia ds-polymerizing procedure for recalcitrant
fibrous biomass (cellulose and lignin).

Since it has been proven that bio-oil obtained famrashed biomass (as well as hydrolyzed
biomass) is substantially a mixture of water sautdrbohydrates (e.g. levoglucosan and
oligosaccharides) and lignin pyrolysis produ€tthen these two fractions can be splitted by the
addition of water to pyrolysis oil or by organidwent extractiorf® According to its composition,
the water soluble fraction can be used for chensigathesi&’ or (after detoxification) as feedstock

for the fermentative production of ethanol or meh® % 70.71.72.73.74

%2 AV Bridgwater. The technical and economic feagipibf biomass gasification for power generationek 74
(1995) 631-653.

3 p.A. Horne, N.Nugranad, P.T. Williams. Catalytapeocessing of biomass-derived pyrolysis vapoudsraathanol.
Journal of Analytical and Applied Pyroylsis 34 (59®87-108

% G.W. Huber, A. Corma. Synergies between Bio- aildR@fineries for the Production of Fuels from Biass.
Angew. Chem. Int. Ed. 46 (2007) 7184 — 7201

%5D. S. Scott, L. Paterson, J. Piskorz, D. Radnetreatment of poplar wood for fast pyrolysiserat cation removal,
Journal of Analytical and Applied Pyrolysis 57 (2)069-176.

 A. Oasmaa, E. Kuoppala. Solvent fractionation meétwith brix for rapid characterization of wood tfagrolysis
liquids. Energy Fuels 22 (2008) 4245-8.

®7F.W Lichtenthaler, S. Petersa. Carbohydrateseangraw materials for the chemical industry. Comjitendus
Chimie 7 (2004) 65-90.

% F. Shafizadeh, T.T. Stevenson. Saccharificatiotoofglas-fir wood by a combination of prehydrolyasisl pyrolysis.
Journal of Applied Polymer Science 27 (1982) 45 6B
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The remaining non-sugar like fraction (or orgarotvent extractable) is composed by in a variable
amount of phenols or other special chemicals (ikand trianhydrosugars) that, if isolation of
single compounds would be relatively cheap, coeld@dnsidered as high added value by-products
of the proces8’">"®The main drawback of this process is the needefgy costly wet pre-
treatment, and then a subsequent need of biomgisg .dMoreover, the process produces a
significant amount of wastewater that has to batée and eventually used as ferti-irrigating
liquid.”

1.2.3 Bio-oil chemical characterization

Figure 1.2.3: Example of compound families (classes) analyzaplditberent analytical tools

*HPLC

«Derivatization

Polarity

A
© o . @ *Pyrolysis

N *MALDI

Molecular Weight
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Pseudomonas putida and Streptomyces setonii Susgp&ells and Plastic Compost Support Biofilms. gri&s Food
Chem. 53 (2005) 2978-2987

3. Andreoni, P. Bonfanti, D. Daffonchio, C. SoiliM. Villa. Anaerobic digestion of wastes contaigipyrolignitic
acids. Biological Wastes 34 (1990) 203-214.
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Ingenieur Technik 76 (2004) 838-842.

> A. Effendi, H. Gerhauser, A.V. Bridgwater. Prodantof renewable phenolic resins by thermochentoalversion
of biomass: A review. Renewable and Sustainabledyri@eviews 12 (2008) 2092-2116

°C. Amen-Chen, H. Pakdel, C. Roy. Production of nmerc phenols by thermochemical conversion of bissna
review. Bioresource Technology 79 (2001) 277-299.
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A complete molecular characterization of bio-oitidifficult task. In fact, bio-oil contains higher
molecular-weight species, including degradatiordpods of pentoses, hexoses, lignin and other
biomass constituents.

Figure 1.2.3 depicts some typical constituentsiofdil in a polarity vs. molecular weight plot. The
main analytical problem of bio-oil, if compared Wwibssil fuels, is the co-presence of substances
with molecular weight (and then with different viiliy) and polarity largely different.

For this reason, the obtainement of a global pectirbio-oil chemical nature might be gathered by
means of various analytical techiques. Figure 1d2gicts a typical distribution of the analytical
class amounts typically found in bio-oil, which icate the analytical complexity of the chemical
characterization. Therefore, fast and cheap metfavdsio-oil chemical characterization is
nowadays lacking.

Figure 1.2.4: abundance of different analytical classes in wooeold ®

m pyrolitic lignin
N water

HPLC detectable
B GC-detectable

m Quantified by GC

Only a portion of the bio-oil can be detected vi@,@ven using robust columns and high-
temperature programs. In the basic research figiokmation on the chemical nature of pyrolysis
liquids can be analyzed by combining a large aofagchniques: GC-MS (volatile compounds),
HPLC and HPLC/electrospray MS (nonvolatile compa)rfd Fourier transform infrared (FTIR)
spectroscopy (functional groups), gel permeaticomatography (GPC) (molecular weight
distributions)’° size esclusion chromatography (SE€§! nuclear magnetic resonance (NMR)

8D. Mohan, C. U. Pittman, Jr. P.H. Steele, PyralyiWood/Biomass for Bio-oil: A Critical ReviewnErgy & Fuels
20 (2006) 848-889.

9 C. Gerdes,M. Simon,T. Ollesch,D. Meier,W. KaminsResign, Construction and Operation of Fast pwisl{lant
for biomass. Eng. Life Sci. (2002) 167-174.

8 R. Bayerbach, V. Dy Nguyen, U. Schurr, D. Meieha@cterization of the water-insoluble fractionnfréast
pyrolysis liquids (pyrolytic lignin): Part Ill. M@r mass characteristics by SEC, MALDI-TOF-MS, LDDR-MS, and
Py-FIMS. Journal of Analytical and Applied Pyrolysi7 (2006) 95-101.
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(types of hydrogens or carbons in specific strudtgroups, bonds, area integraticfisy by
fragmentation to MS detectable compounds (with B/aB MALDI-TOF) 82808384

Nonetheless, the understanding of a large numblgioedils obtainable from different reactor
configurations, different feedstock or from catadst pyrolysis, requires fast and cheap methods for
bio-oil molecular characterization. In this fieldjcro-scale systems, based on analytical pyrolysis,

can be envisaged as powerful techniques, whichbeilllealt with in section 3.

1.2.4 Bio-char for environmental management

As examed in the previous section, the destinaifohRs as energy source (in place of ARs
mulching), even though some advantages on thefusernass from dedicated crops, can lead to
soil carbon impoverishment. Therefore, managemieagacultural wastes use should be carefully
planned, to avoid the adverse consequence ofatibn loss (erosion and reduction of fertily).
Soil carbon depletion is main concern in moderncagiural practice, and it is one of most relevant
positive feedback of global warming. For this regsm-till management or mulching are usually
proposed for both climate mitigation and long tdemtility enanchement.

Nonetheless, soil carbon incorporation is relatelgffective (in term of GHGs offset) in tropical
and temperate climates, due to the fast decomposfihumus (warm and wet climates) and an
uneffective residue conversion to humus (sandy Yosoils). In most of the cases, even mulching
of ARs or no till management is not satisfactorg aome other solutions are needed, since food
production can not be reduced,

An interesting idea came out from studies on arcluggcal soils in the tropical area of “terra preta
near Manaus (Brazil). Basically, amazon civilizasdaround 200 B.C and 1500 A.D) successifully
practiced sedentary agriculture (usually impossibleopical amazonic climate) by changing the
soil composition through charcoal additirirhis traditional practice allowed to increase sbé

carbon to astonishing high livef§ with significant increase (in comparison to adjaagntreated

8L E. Hoekstra, S.R.A. Kersten, A. Tudos, D. Mei&cl.A. Hogendoorn. Possibilities and pitfalls irafyzing
(upgraded) pyrolysis oil by Size Exclusion Chrongagphy (SEC). J. Anal. Appl. Pyrolysisticle in presq2011).
8B, Scholze, D. Meier. Characterization of the wstsoluble fraction from pyrolysis oil (pyrolytiignin). Part .
PY-GC/MS, FTIR, and functional groups Journal obAtical and Applied Pyrolysis 60 (2001) 41-54.

8 R. Bayerbach, V. Dy Nguyen, U. Schurr, D. Meieha@cterization of the water-insoluble fractionnréast
pyrolysis liquids (pyrolytic lignin): Part Ill. M@r mass characteristics by SEC, MALDI-TOF-MS, LODDR-MS, and
Py-FIMS. Journal of Analytical and Applied Pyrolgsi7 (2006) 95-101.

8 R. Bayerbach, D. Meier. Characterization of théawinsoluble fraction from fast pyrolysis liqui¢syrolytic lignin).
Part IV: Structure elucidation of oligomeric molées). J. Anal. Appl. Pyrolysis 85 (2009) 98-107.

8 H. N. Lima, C.E.R. Schaefer, J.W.V. Mello, R.JIk&$, J.C. Ker. Pedogenesis and pre-Colombianuaadf
“Terra Preta Anthrosols” (“Indian black earthdf Western Amazonia. Geoderma 110 (2002) 1-17.

8 B. Glaser, E. Balashov, L. Haumaier, G. Guggerdreiy. Zech. Black carbon in density fractions wfh@opogenic
soilsof the Brazilian Amazon region. Organic Geoulstry 31 (2000) 669-678.

17



soils) of crop yields®” %81n the case of terra preta, Amazon climate waeex and organic
carbon input relatively high (due to traditionatiaglture practice)®® but the same idea can be also
applied to other tropical (e.g. desertificatioretitened) aredsand in temperate climates with low

organic carbon input (as modern soils subjectédtemsive farming§*

Figure 1.1.4: scheme of pyrolysis driven soil carbon sequesinati

Renewable

Energy
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e

The basic idea is to integrate fast pyrolysis Witiochar” soil management: pyrolysis converts
forestry branches, grasses or crop residues imbmoaich bio-char and energy (or energy carrier
like bio-0il)*%. Biochar rapidly locks up decomposing carbon siamt biomass in a much more

durable form, and then it “artificially” stabilizesganic matter into soff

87B. Glaser, L. Haumaier, G. Guggenberger, W. Z&tie. ‘Terra Preta’ phenomenon: a model for sustdénab
agriculture in the humid tropics. NaturwissensafraB8 (2001) 37-41.

8B. Glaser, J. Lehmann, W. Zech. Ameliorating pbgisand chemical properties of highly weatheretssnithe
tropics with charcoal — a review. Biol Fertil So@5 (2002) 219-230.

89C. Steiner, W.G. Teixeira, J. Lehmann, T. Nehl$,uis, V. de Macédo, W.E.H. Blum, W. Zech. Longneeffects of
manure, charcoal and mineral fertilization on gpopduction and fertility on a highly weathered GahAmazonian
upland soil. Plant and Soil 291 (2007) 275-290.

T, Whitman, J. Lehmann. Biochar—One way forwandsfoil carbon in offset mechanisms in Africa?. Eamimental
Science & policy 12 (2009) 1024-1027.

L C. J. Atkinson, J. D. Fitzgerald, N. A. Hipps. &utial mechanisms for achieving agricultural bemsefi

from biochar application to temperate soils: aeeviPlant and Soil 337 (2010) 1-18.

92 J.A. Mathews. Carbon-negative biofuels. Energydy@6 (2008) 940—945.

9. Lehmann, J.0. Skjemstad, S. Sohi, J. CarteBavson, P. Falloon, K. Coleman, P. Woodbury, BilKr
Australian climate-carbon cylce feedback reduceddilyblack carbon. Nature Gescience 1 (2008) 832-8
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As shown above, char represents the most impdstgmbduct of fast pyrolysis. This byproduct is
usually burnt to produce the heat required fomymlysis reaction (usually endothermié)-or

high quality woody biomass characterized by low esftent, this option maximizes liquid yield
and energy output of the pyrolysis plant, as nermal fossil fuel or produced bio-oil are burnt for
obtaining the heat required. Nonetheless, bioaaresents a problematic fuel, especially for ash
containing feedstock (ARs), since the combustioa fufel rich in low melting point ash (as the
major part of annual crops ARSs) could determinggileg in the burnéf and a large production of
not easily disposable wastés.

Given these considerations, for the major part@EAiochar is rich in carbon but poor as fuel, thus
it can be advantageus to lose a portion of enangyt@store more carbon in the form of biochar
applicable on soils. This operational change islamo the substitution of coal with natural gas i
electrity productior and,despite a decrease in pyrolysis process edosoran be justified by
additional benefits obtainable from agronomic barcapplication®’

A large number of studies propose the applicatiochar on soil (bio-char strategy, figure 1.2.4)
for increasing the soil organic carbBhAccording to the major part of them, the use afrcis bio-
char could be an alternative fate for a large rasfgmlid residue products, offering a lower-risk
strategy than other sequestration optitis,which stored carbon can be released by foress, fby
converting no-tillage back to conventional tillage by leaks from geological carbon storage.

On local or field scale, biochar can usefully emteathe existing sequestration approaches. It can
be mixed with manures or fertilizers and includeaho-tillage methods, without the need for
additional equipment. Biochar enhances the retetitimd therefore the efficiency of fertilizers and
it decreases fertilizer run-off by the same mecsrari’® Finally, especially for staple grain crops

and acidic and highly whetheared soils, a sigrifiesincrease of crop yields could be obtain®d.

% 3.Xiong, J.Burvall, H. Orberg, G. Kalen, M. Thyr®. Ohman, D. Bostro. Slagging Characteristicsriu
Combustion of Corn Stovers with and without Kaaimd Calcite. Energy & Fuels 22 (2008) 3465-3470.

% L. Reijnders. Disposal, uses and treatments obemstion ashes: a review. Resources, ConservatidiRanycling
43 (2005) 313-336.

% K. Hayhoe, H. S. Kheshgi, A. K. Jain and D. J. \bhles. Substitution of Natural Gas for Coal: Clim&ffects of
Utility Sector Emissions. Climatic Change 54 (20QR2Y-139.

9 B.A. McCarl, C. Peacocke, R. Chrisman, C-C Kund).RSands. Economics of Biochar Production, Utilmaand
Greenhouse Gas Offsets. Biochar for Environmengalagement. Johannes lehmann. Stephen Joseph edborLo
2009.

% J. Lehmann, J. Gaunt, M. Rondon. Bio-char secaisitr in terrestrial Ecosystems-a Review. Mitigatind
Adaptation Strategies for Global Change 11 (200&-427

% B. Liang,J. Lehmann, D. Salomon,J. Kinyangi, Jb$8man, B. O'Neill, J. Skjemstad, J.O. Thies, Eutzo, J.
Petersen, E.G. Neves. Black carbon increases aatitiange capacity in soils. Soil Sci. Soc. An7.QJ(2006) 1719-
1730.

19y, Ding, Y-X Liu, W-X Wu, D-Z Shi, M. Yang, Z-K Zbng. Evaluation of Biochar Effects on Nitrogen Ri@n
and Leaching in Multi-Layered Soil Columns. Water Boil Pollut. 213 (2010) 47-55.

1015.p.Sohi, E. Krull, E. Lopez-Capel, R. Bol. A Rewiof Biochar and Its Use and Function in Soil. Adees in
Agronomy 105 (2010) 47-82.
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According to recent studies, emission reductiomslEal2—-84% greater if biochar is put back into
the soil instead of being burned to offset fosséusel?

Basically, biochar sequestration offers the chdaadarn bioenergy into a real carbon-neutral (and
in some cases carbon-negative) industry. Nonethedeseral doubts remain on the table as the
pollutant content of modern synthetic biochars,atiial stability of bio-char and the
environmental effects of bio-char application imrimpical climates.

Actually, the exact duration of biochar's storageetis under debate, with opinions ranging from
millennial (as suggested by some dating of natyturring biochar) to centennial timescales (as
indicated by some field and laboratory triatS§ Whether biochar remains in soils for hundreds or
thousands of years, it would be considered a leng-sink for the purposes of reducing carbon

dioxide emissions.

192K.G. Roberts, B. A. Gloy, S. Joseph S., N.R. Scbttehmann. Life Cycle Assessment of Biochar Syst
Estimating the Energetic, Economic, and Climater@eaPotential. Environ. Sci. Technol. 44 (2010)-8&33.
1933, Lehmann, C. Czimczik, D.A. Laird . Stability lmibchar in soil. IrBiochar for environmental management
Biochar for Environmental managemedtdhannes lehmann. Stephen Joseph Eds. Londdh 200
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2. Aim of the Thesis

2.1 Development of improved analytical pyrolysis te chniques.

As shown above, different biomass-to-liquid anchigs-to-chemicals routes need a deep
knowledge of bio-oil and bio-char composition. Tm&rmation is especially important for process

optimization and environmental risk assessment.

Figure 2.1.1: overall characterization scheme used for pyrolgsislucts.
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«“Sugars” fraction of bio-oil eBiochars Minor GC products  Major GC products

Since pyrolysis could be proposed as a methodstalalited generation of liquid fuels, bio-oil from
different feedstocks should be adequately charaetéfrom an health safety point of view because
the contacts with the end-users could be frequiemtthis reason this thesis was focused on the
development and application of fast and realiahbdydical tools to the evaluation of bio-oil and
biochar chemical nature.

In order to meet this target, analytical pyrolytsishniques (Py, on milligram scale) were selected,
mainly thanks to the large diffusion and low cagtirmation obtainable through an advanced use
of this instrument. In order to overcome the mamthtions of this equipment (volatility and

stability of analytes), the strategy was to integeample preparation steps (SPME or SPE with
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derivatization) and to combine different deteci®i4P-AED and EI-MS). Figure 2.1.1 shows the
global characterization scheme used.

For quantification of single identificable composn@C, analysis and calibration with internal
standard were used. Minor compounds, which arédeotified but detectable and GC amenable,
were quantified by means of a “structure insensitietector like MIP-AED (that allow to obtain

the minor compounds carbon yields).

2.2 Applied pyrolysis for fuels and chemicals synth esis.

The methods developed in the first part of theithess firstly tested on four representative
terrestrial biomass (poplar, switchgrass, cornestand sweet shorgum) selected among most
productive short rotation energy crops. Afterwatts, thesis was focused to the study of different
“pyrolysis based” routes (Figure 2.2.1), in ordefigure out the overall potential of biomass
exploiting for: fuel,chemicals and environmentaivsees (e.g. soil improvement through bio-

charring).

Figure2.2.1: Two pyrolysis routes and related research asgjeetscted in red) envisaged in this
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In one approach, the study was focused on the csioveof raw biomass into compounds and fuels
similar to that derived by fossil fuels, with pradion of renewable transportation fuels and
chemical commodities like benzene and alkylbenzdndsis case, two feedstock were tested:
conventional lignocellulosic biomass and a micraalgesidue.

In a different approach, biomass was processedasrae of chiral chemicals with potential

higher value added applications. Since the raw bgsnis unable to produce significant amount of
single target compounds (due to catalytic effedtioiass alkaline ash), the selectivity of the
process has to be enhanced by means of pre-treaametcatalysis. Different pre-treatment of
cellulosic biomass were tested and catalytic pwislyith various mesoporous catalyst was focused

on the obtainment of specific chiral chemicals.
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3. Development of analytical methods for the

study of biomass pyrolysis.

3.1. Comparative Analysis of Pyrolysate from Herbac ~ eous and Woody

Energy Crops by micro-scale analytical pyrolysis te chniques

3.1.1. Introduction

Bio-oil is a very complex mixture containing a largssembly of organic compounds which are
formed by the thermal degradation of the main ptamtstituents (cellulose, hemicellulose, lignin)
and other biomolecules originally present in feedst(e.g. extractives). These compounds may
affect fuel characteristics and eco-toxicologicabpgerties of the bio-oil. For instance, acidic
components (e.g acetic acid, formic acids, phenal® mainly responsible of corrosion,
polyhydroxylated compounds (e.g. levoglucosan atigosaccharides) decrease solubility in
conventional fuels, reactive aldehydes (e.g. hygmortaldehyde) affect long-term stability and
aging of the pyrolysis liquid. Pyrolysis of differecrops has been widely investigated over the last
decades. A significant dataset on the chemical oasitipn of the resulting bio-oils was gathered
through bench scale flash pyrolysis followed by mloal analysis that enabled a detailed
knowledge on the effects of feedstock charactesstand experimental conditions on oil
quality.1°4‘105’106'107'108’109

Nonetheless, an efficient data comparison to etaltlee effect of different feedstock, separately
from operational conditions, can be difficult torfoem due to different reactor configurations and
application of several bio-oil characterization hoats. Analytical pyrolysis combined with on-line
GC separation (Py-GC) is a simple and reliable oagmrale model of the fast pyrolysis process

capable to provide preliminary chemical informati@m the pyrolysis product yield and

194p.s. Scott, J. Piskorz. The flash pyrolysis ofespoplar wood. The Canadian journal of chemicaireering 60
(1982) 666-674.

195 A, Oasmaa, Y. Solantausta, V. Arpiainen, E. Kudpp#. Sipila. Fast Pyrolysis Bio-Oils from Wood can
Agricultural Residues. Energ. Fuels 24 (2010) 138868.

195 A A. Boateng, D.E. Daugaard, N.M. Goldberg, K.Bcks$. Bench-Scale Fluidized-Bed Pyrolysis of Swifictss for
Bio-oil Production. Ind. Eng. Chem. Res. 46 (200891-1897.

7R, Fahmi, A.V. Bridgwater, I. Donnison, N. YatdsM. Jones. The effect of lignin and inorganic sgem biomass
on pyrolysis oil yields, quality and stability. F@&¥ (2008) 1230-1240.

198 0. loannidou, A. Zabaniotou, E.V. Antonakou, K.Mapazisi, A.A. Lappas, C. Athanassiou. Investigatine
potential for energy, fuel, materials and chemigatsduction from corn residues (cobs and stalkshday-catalytic and
catalytic pyrolysis in two reactor configuratiof®enewable and Sustainable Energy Reviews 13 (Z(8IBY62.

199 3. Piskorz, P. Majerski, D. Radlein, D.S. Scotty ABridgewater. Fast pyrolysis of sweet sorghund aweet
sorghum bagasse. J. Anal. Appl. Pyrol. 46 (1998295
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composition It is well recognised to gather insggland preliminary information on potential
compounds derived from bio-oil and thus enablegpédrcomparison on the beahviour of different
feedstocks, reaction conditions and so forth.

Mass spectrometry under electron ionisation (EI-N&SXhe most common detection tool and
enables the chemical characterisation of pyrolysdat@ molecular level. Py-GC-MS has been
utilised to study the effect of such different farst as particle size of herbaceous bionidss,
physiological maturity in switchgrass pyrolysatégenetic modification poplar cloné¥, chemical
pretreatment of corn fibers utilised to ethanolasion.

However, absolute quantitation (e.g. mass yields3 been seldom conducted and accurate
guantitation of all GC detectable compounds is tiehi by the large number of overlapping
constituents with different response factors anel pinactical impossibility to apply the proper
surrogate to each analyte. The precision of diffeegproaches in internal standardisation with Py-
GC-MS of lignocellulosic samples has been invegiga>

The problem of detection response encountered inadi&ysis is less pronounced by utilising
carbon atom response, in microwave induced plassopled to atomic emission detection (MIP-
AED, thereafter named AED), reducing time consumniirigrnal standardisation. Py-GC-AED has
been applied to study the pyrolytic behaviour afepsawdust and the effects of catalysis by metal
oxides on pyrolysis product. In these studies ygislproducts were distinguished by volatifity.

It is worthwhile to stress that complementary infation can be gathered from MS and AED: the
former technique is selective towards structurantdication of single components, but needs
laborious internal standardization for accuratengtetion; the latter technique is better suited to
provide a “bulk picture” of elemental carbon distriion with a simpler calibration approach.
However, when interfaced to a GC system, both ABD S analysis are limited to the detection
of gas and semi/volatile compounds. An importaattion of pyrolysate ending up into bio-oil is
precluded to GC analysis due to the low volatibfyits constituents, such as pyrolytic lignin and

oligosaccharides. Nevertheless, the yield of tres-wolatilie matter (NVM) could be roughly

10T G. Bridgeman , L.I. Darvell , J.M. Jones , Pdilliams , R. Fahmi , A.V. Bridgwater , T. Barracigh , I. Shield ,
N. Yates , S.C. Thain, I.S. Donnison. Influenceafticle size on the analytical and chemical prige of two energy
crops. Fuel 86 (2007) 60-72.

11 A A. Boateng, K.B. Hicks, K.P. Vogel. Pyrolysis sivitchgrass (Panicum virgatum) harvested at seseages of
maturity. J. Anal. Appl. Pyrolysis 75 (2006) 55-64.

12D, Meier, I. Fortmann, J. Odermatt, O. Faix. Disination of genetically modified poplar clones éyalytical
pyrolysis—gas chromatography and principal compbaealysis. J. Anal. Appl. Pyrolysis 74 (2005) 129.

133, Odermatt , D. Meier, K. Leicht, R. Meyer, T.rige. Thermal behavior of corn fibers and corn fijpems
prepared in fiber processing to ethanol. J. AnablAPyrolysis 85 (2009) 11-18.

19\.1. Nokkosmaki, A.O.1. Krause, E.A. Leppamaki, E.Kuoppala. A novel test method for catalystshie treatment
of biomass pyrolysis oil. Catalysis Today 45(1998%-409.
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estimated in concomitance with Py-GC-AED from theight determination of the residue left after
pyrolysis!*

The aim of this study was to evaluate the abilityqoantitative Py-GC-MS and Py-GC-AED to
predict the main chemical characteristics of bioderivable from different biomass types. Selected
feedstock was representative of woody biomass gopphgroresidue (corn stover) and dedicated

herbaceous energy crops (sweet sorghum and svasd)gr

3.1.2. Materials and methods

3.1.2.1 Biomass samples

All biomass but poplar were grown at the experirakstation of the University of Bologna. Poplar
chips were purchased from Alagtaanco Vivai. All plants were grown in the Po Valld=or all
crops, 300 g samples of three independent remistivere collected, dried at 60 °C for 48 h and
then grounded in a hammer mill to pass a 1 mm scbed¢ore chemical analysis. Biomass were

characterized for major constituent (Table 3.1rlj elemental composition (Table 3.1.2).

Table 3.1.1: main characteristics of the tested biomasses, n@jostituent are reported as %

Mi/Msample
Biomass Cytotype Water  Soluble Hemi- Celulose Lignin  Ash
matter cellulose

Switchgrass | Alamo 4.8 3.5 37.1 42.5 8.5 3.8
Sweet H133 hybrid 8.3 24.2 27.4 29.9 5.6 4.6
Sorghum

Corn stover PR33A46 6.6 12.2 27.8 41.4 5.0 7.1
Poplar - 8.4 0.3 20.0 54.1 15.1 2.1

The water content was obtained by weight loss dudrying biomass at 105°C to constant mass.
Ash content was determined by burning at 550°C gfdf dried (60°C) and ground (size 1 mm)
sample. The weight amount of soluble sugars (eeg. $ugars starch and pectins), lignin, cellulose
and hemicellulose was determined following a puigiés proceduré™ Briefly, the sequential
analysis involved refluxing in neutral detergersgifg a-amylase for removal of soluble polymeric

components like starch and pectins), refluxing amd adetergent, hydrolysis with 72% aqueous

153, Mambelli, S. Grandi. Yield and quality of kerfhiibiscus cannabinus ) stem as affected by harvest date and
irrigation. Industrial Crops and Products 4 (199%)104.
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H,SQO,. The fibre fractions were estimated from the logslry matter following each step of the
analysis.

Table 3.1.2 shows the elemental composition oktesiomass. Carbon, hydrogen, and nitrogen
content analysis was performed using a microeleahemtalyzer (LECO CHN-600), oxygen
content of samples was calculated by differencevéen 100% and sum of carbon, hydrogen,

nitrogen and ash.

Table 3.1.2: elemental composition ( mass %) of tested biomgs€HN elemental analysis of
sample.

C H O N
Switchgrass 46.5 6.0 434 0.3
Sweet sorghum | 43.6 5.7 45.1 1.0
Corn stover 45.0 59 41.3 0.7
Poplar 47.8 6.1 435 0.5

3.1.2.2 Py-GC-MS

The pyrolysis unit was a CDS Pyroprobe 1000 pysealysonnected to a Varian 3400 gas
chromatograph equipped with a Varian Saturn 200€smspectrometer.

A weighed amount of biomass sample (2-3 mg) wa®dioiced into the quartz tube, and held by
guartz wool at the middle portion of the tube. Thkee was then placed in the platinum filament
coil on the probe. Quartz wool that hold the sanvps spiked with 0.Jug ( 5l at 200 ngul™
solution in diethyl ether) ob-eugenol (internal standard). The probe was iadarito the Py-GC
interface, then the interface was pressurizedefiuxith 100 ml mift helium and then warmed up
to 300 °C . When the interface reached the set ¢eatyre, the platinum coil was immediately
heated at the maximum heating rate to pyrolysigptature (500 °C); 1/200 split ratio and injector
temperature of 280°C were used.

Analytes were separated on a HP-5MS fused-silicaillaey column (stationary phase
polydimethylsiloxane, 30 m, 0.25 mm i.d., 0.25 mimfthickness) using helium as carrier gas. The
following thermal program was used: 35°C for 2.5natés, then 10 °C/min until 300 °C.
Quantitation was performed in the MS mode using riiest abundant ion of each compound.
Amount (m) of each analyzed compound was calculated usitegnal calibration performed by
injecting 5l of calibration solution containing known concextions of representative analytes
(e.g. acetic acid, hydroxyacetone, 2-cyclopentames]ifuraldehyde, furfuryl alcohol, 5-methyl-2-
furaldehyde, phenol, syringol) and internal stadddissolved in acetonitrile under the same

conditions used for pyrolysis.
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Mass vyields of each analyzed compound was calclagen’msampie Where mis the compound
amount produced by pyrolysis andampithe mass of pyrolysed sample.

Carbon vyield for single GC-MS analyzed compoundss wabtained as (#Msampid-(
[Clcompound[Clbiomasd, Where [ClompoundS the carbon mass fraction of the compound (obthinom
chemical structure) and [Ggdnasscarbon mass fraction from elemental compositiorbioimass
(Table 3.1.2).

3.1.2.3 Off-line pyrolysis/GC-MS

The apparatus employed for off-line pyrolysis expents was described in detail elsewhEtre
Shortly, it consisted of a glass tube (pyrolysisrober) designed for the probe of a CDS 1000
pyroprobe equipped with a resistive heated platirilament. CDS 1000 pyroprobe is inserted in
the glass, the exit was connected through a Tygoh® to a cartridge for air monitoring containing
a XAD-2 resin as adsorbent (ORBO-43® purchased fBupelco). The pyrolysis probe was re-
calibrated with a termocouple (in order to corrdet thermal deficit due do absence of heated Py-
GC interface), and the sample was pyrolysed exadgtly the same conditions used in on-line Py-
GC. For analysis of all compound but hydroxyacethidie, after pyrolysis, the pyrolysis chamber
was filled with 5 ml of acetonitrile allowing thelsition to pass slowly through the cartridge. The
obtained solution was spiked with 0.1 ml of 500 ttgmethyl-L{3-arabinopyranoside solution
(internal standard). An aliquot of the acetonitsigution (0.1 ml) was spiked with, 30 of bis-
trimethylsilyltrifluoroacetamide with 1% tetrametblglorosilane (sigma-aldrich) and 10l of
pyridine, then heated at 60°C for 0.5 h and ingateGC-MS.

For hydroxyacetaldehyde the following method wadqueed: the chamber and the cartridge were
eluted twice with 2 ml methanol, the resulting 4sulution was placed in a vial containing 200 mg
of amberlyst® acidic resin. Then the vial was sgabnd heated at 60°C for 0.3 h and
hydroxyacetaldehyde was quantitated as dimethytbaderivative by GC-MS.

Quantitation of dimethylacetal derivative of hydyaxetaldehyde was performed using a external
calibration plot, obtained by submitting solutiolm$ hydroxyacetaldehyde dimer of known
concentration to the dimethyl-acetalization progecas shown above.

GC-MS analysis were performed in splitless modegishe same conditions used for Py-GC-MS.
The following thermal program was used: 50°C forefiminutes, then 10°C/min until 300°C

followed by a column cleaning at 310°C for 3 min.

8D, Fabbri, I. Vassura. Evaluating emission lewlpolycyclic aromatic hydrocarbons from organictenils by
analytical pyrolysis. J. Anal. Appl. Pyrol.75 (20050-158.
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3.1.2.4 Py-GC-AED

The pyrolysis unit was a CDS Pyroprobe 1000 pyerysonnected to an HP 5890 Series Il gas

chromatograph, and detection was carried out withla 5921A atomic emission detector.

Figure 3.1.1 summarises the analytical procedusa der on line Py-GC-AEDThe apparatus

employed for Py-GC-AERxperiments was described in detail elsewhére

Figure 3.1.1: Scheme of the Py-GC-AED pyrolysis procedure.

On line

r.t.< 2.6 min Cgas = Gas
P sample
| [FREY =P | GC-AED
| \ r.t.>2.6 min Coy=
\ Semivolatile
\ Cbio-oil
N\ ——— Non volatile matter
\q CNVM: Csample - (Cgas+Cchar+CSV)
W1 Calcination
Char + ash N Ash > Cehar= W1-W;
Weight,; Weight,

A weighed amount of sample (2-3 mg) was introduogalthe quartz tube, and held by quartz wool
at the middle portion of the tube. The probe waseited into the Py-GC interface, then the
interface was pressurized, fluxed with helium (d8I0min™) and then warmed up to 300 °C. When
the interface reached the set temperature, thenphatcoil was immediately heated at maximum
heating rate to pyrolysis temperature (500 °CY10@/split ratio and injector temperature of 280°C
were used.

GC analysis were performed as for Py-GC-MS, and AdpBctra for C was recorded at 193.090
nm. Carbon amounts of GC detectable compounds walailated using external calibration
performed by injecting known volumes of 60 Gisopropanol solution in methanol under the same
conditions used for pyrolysis.

The results were summarized by distinguishing ygisl products on the base of their volatility.
Retention time was used as reference to discrimibaetween gaseous (first large peak at 2.6 min),
and sum of condensable GC detectable compoundsitedpas semi-volatile fraction (obtained
integrating all peaks after large first peak ofeggsChar amount was evaluated after GC analysis
in the following way: the interface was cooled dowhe quartz tube was removed from the probe
and weighedThen, the sample was placed in muffle oven at 5@t 5 h and re-weighed. The
char amount was calculated from the differenceam@e weight before and after burning the char

into the muffle. The char was assumed to be contpokeearly pure carbon.
29



Carbon yield of each fraction was calculated #€&mpie WhereC; carbon amount of each fraction
obtained from GC-AED data and gravimetric data (ch@arbon amount of sample {9 was
calculated as $&Gmpie[Clbiomass Msample Where [ChiomassiS carbon mass fraction of the biomass,
obtained from Table 3.1.2 (shown above in paragBapl?.1).

Carbon amount of NVM ( non volatile matter), hemnsidered the sum of pyrolytic lignin and
water soluble non volatile matter was calculateddifference between &npeand sum of carbon

amounts of bio-oil, carbon residue and gas.

3. Reaults
3.1.3.1 Py-GC-MS

Typical chromatograms obtained from the analysitheffour biomass types are shown in Figure

3.1.2 with peak identification reported in Tablé&.3.

Figure 3.1.2: Chromatograms obtained from Py-GC-MS of four &ti®mass samples.
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Quantitation of main compounds (see Table 3.1.3 aomplished by comparison with internal
standard. Internal standardisation in analyticatolygis of complex heterogeneous biomass
samples is not an easy task and we have followedbthe approaches investigated by Odermatt et
al.*® An internal standard structurally similar to lignpyrolysis products, namebyisoeugenol (#
27) was selected. Besides lignin monomers, the saomgound was used for the quantitation of
pyrolysis products of polysaccharides utilising tesponse factors of representative compounds

(see experimental).
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Table 3.1.3: Mass yield (% mimsampig Of Main pyrolysis products obtained from Py-GC-MfS

four tested biomass.

Compound Switchgrass Sweet Corn  Poplar

# sorghum  Stover
1 methanol 0.11 0.01 0.10 0.13
2 methyl glyoxal 0.59 0.92 0.53 0.82
3 3-pentanone 0.46 0.44 0.39 0.71
4 acetic acid 2.4 2.7 2.6 3.1
5 hydroxyacetone 2.1 2.3 1.7 2.0
6 acetoxy acetaldehyde 0.35 0.69 0.68 1.48
7 butanedial 0.71 0.62 0.65 1.95
8 furfural 0.13 0.15 0.07 0.08
9 furfurilic alcohol 0.03 0.06 0.03 0.05
10 2-ciclopentanedione 0.52 0.49 0.40 0.84
11 methyl furfural 0.01 0.01 0.00 0.01
12 phenol 0.03 0.06 0.06 0.33
13 4-hydroxy-5,6-dihydro-(2H)-pyranone 0.77 0.62 0.18 0.31
14 2- hydroxy-3-methyl-2-cyclopentenone 0.18 0.20 0.290.30
15 2-methoxyphenol 0.09 0.09 0.13 0.14
16 3-methyl-2,4(3H,5H)-furan 0.10 0.07 0.05 0.09
17 4-ethylphenol 0.02 0.03 0.03 -
18 anhydro isosaccharin®Hactone 0.07 0.02 0.03 0.02
19 4-methylguaiacol 0.06 0.03 0.03 0.08
20 catechol 0.03 0.04 0.05 0.07
21 1,4-3,6 -dianhydrax-glucopyranose 0.10 0.12 0.09 0.08
22 4-vinylphenol 0.47 0.50 0.62 0.01
23 5-hydroxymethyl-2-furaldehyde 0.21 0.93 0.09 0.07
24 4-ethylguaiacol 0.05 0.05 0.05 0.05
25 ascopyrone-P 0.02 0.01 0.00 0.01
26 4-vinylguaiacol 0.53 0.36 0.51 0.25
27 oeugenol (1S) - - - -
28 syringol 0.13 0.13 0.25 0.67
29 eugenol 0.01 0.01 0.01 0.03
30 vanillin 0.03 0.02 0.02 0.03
31 Eisoeugenol 0.01 0.01 0.00 0.02
32 4-methylsyringol 0.04 0.02 0.03 0.27
33 Eisoeugenol 0.06 0.04 0.03 0.18
34 4-vinylsyringol 0.07 0.05 0.11 0.63
35 Z-2-propenylsyringol 0.01 0.01 0.01 0.09
36 E2-propenylsyringol 0.01 0.01 0.01 0.05
37 allylsyringol 0.06 0.05 0.06 0.41
38 4-hydroxy-2-methoxy cinnamaldehyde 0.01 0.01 0.01 .020
39 acetosyringone 0.02 0.01 0.02 0.07

Sum Py-GC-M S (Zmi/Mgmpie) 10.6 11.9 9.9 15.5
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For almost all the compounds the RSD of yields werihe 13-35% range for switchgrass, poplar
and corn (n=3). Higher RSD (35-70%) values werentbtor sweet sorghum pyrolysis, probably
due to a higher heterogeneity of biomass sampleth&more, quantitation of some polar
compounds (acetoxyacetaldehdye, ascopyrone P dr8j6tdianhydroglucopyranose and hydroxy-
5,6-dihydro-(2H)-pyranone) showed a large varigpil{RSD 40-70%). It is known that the
pyrolysate composition can be affected by sevexeidofs that become crucial when analyses are
performed with small amount of sample. For instantéas been shown that smaller biomass
particles may contain higher amount of ash andokigiulose products with respect to coarse size
fraction'°

By a glance at Figure 3.1.2, it is clear that latgifferences occur between herbaceous and wood
biomass. As shown by Ralph et Hf the chromatograms of herbaceous plants were deeiset

by vinylphenol (#22 ), as the main lignin derivatiwvith yields around 0.5%, in accordance to the
lignin being of type HGS (hydroxyphenyl/guaiacylisgyl groups). Vinylguaiacol was an other
typical lignin constituent detected at rather Higvels in the pyrolysate of herbaceous biomass (0.4
0.5% vyield). Vinylphenol was a minor pyrolysis puat evolved from poplar in accordance to GS
type lignin characterising this plant.

As far as the thermal degradation products of lelolose is concerned, the main compound
guantified by Py-GC-MS was acetic acid with 3.1%%98, 2.6% and 2.4 % vyields obtained from
pyrolysis of poplar, sweet sorghum, corn stover amitchgrass respectively. Hydroxyacetone
(acetol) is the second most abundant pyrolysisymbdrhese data are consistent with preparative
pyrolysis and those reported in a previous stutffe$®°Although the same studies reported
relatively high yields of hydroxyacetaldehyde stisompound could not be detected with the Py-
GC-MS procedure adopted here. The pyrolysate oéss@mghum is unique for the occurrence of a
prominent peak of 5-hydroxymethyl-2-furaldehyde (HM#23), a typical pyrolysis product of
reducing sugars® This is probably due to the high content of saubligars (24% from Table
3.1.1) that characterize sweet sorghum.

3.1.3.2 Off-line Py/GC-MS
Besides the compounds that could be analyzed WitegtPy-GC-MS, off-line Py/GC-MS with two
derivatisation procedures (dimethyl-acetalization feactive aldehydes and sylilation for highly

polar compounds) was applied, in order to exteedréimge of detectable compounds to more polar

173, Ralph, R.D. Hatfield. Pyrolysis, Pyrolysis-GCSMCharacterization of Forage Materials. Journahgiic. Food
Chem. 39 (1991) 1426-1437.

18 E B. Sanders, A.l. Goldsmith, J.I. Seeman. A maiad distinguishes the pyrolysis of D-glucose rbefose, and
sucrose from that of cellulose. Application to thelerstanding of cigarette smoke formation. J. AAppl. Pyrol. 66
(2003) 29-50.
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species. The results from quantitative off-line ghysis are reported in Table 3.1.Xields of
levoglucosan were rather low for all the testediizss, with the highest value of 0.51% wwe
from switchgrass pyrolysis. Other important oxygedacompounds revealed by sylilation were
1,3-dihydroxy-propanone,D-ribofuranose, hydroxy acetic acid (0.05-0.26 % Idj)ie and
glyceraldehyde (0.11 % vyield from switchgrass) (€alk3.1.4). Significant amount of
trinydroxybenzenes and aromatic acids were alseated by sylilation.

Moreover, with all the samples, a variable but im@at amount (0.5-0.2 % not shown in the table)
of hydroxyacetaldehyde (HA) dimer was revealed kpilasion. This fact was surprising
considering that GC peak attributable to monomenihe not detected by Py-GC-MS.

HA is often reported as the largest abundant cemgan bio-oil and could be detected with polar
chromatographic colunif however, HA is actually rarely reported in litena as predominant
compound by Py-GC-MS of biomass.

Table 3.1.4: Yield (% w/Msampg Of main pyrolysis products obtained by off-lingrglysis
followed by methanolysis (reactive aldehydes) dylaion (other oxygenates) and GC-MS
analysis.

# Switchgrass Sweet Corn Poplar
sorghum stover
1  hydroxyacetaldehy@e 3.7 2.4 2.24 3.0
2 glyoxaf 0.1 0.1 0.1 0.2
3 ethanediol 0.15 0.07 0.25 0.02
4  lactic acid 0.06 0.07 0.04 0.01
5 hydroxyacetic acid 0.26 0.15 0.07 0.05
6 glyceraldehydes 0.11 0.03 0.02 0.01
7  1,3-dihydroxypropanone 0.20 0.14 0.04 0.02
8 ribofuranose 0.25 0.09 0.15 0.01
9 4-hydroxybutanoic acid 0.05 0.00 0.04 0.00
10 (1,3,4)-trihydroxybenzene 0.07 0.02 0.02 0.01
11 (1,2,3)-trihydroxybenzene 0.08 0.02 0.02 0.01
12 levoglucosan 0.51 0.33 0.22 0.27
13 p-hydroxycinnamic acid 0.03 0.01 0.02 0.01
Sum off-line Py/GC-M S 5.64 3.40 3.21 3.61

@derivatized through methanolysis and analyzed meityl-acetal derivative.

First tentative of quantifying HA by direct Py-GCSManalysis, off-line pyrolysis or off-line
pyrolysis coupled to sylilation was frustrating, imtg due to low molecular weight combined to the

extraordinary reactivity of HA.

19 AA. Boateng , C.A. Mullen, C.M. McMahan, M.C. Weal, K. Cornish. Guayule (Parthenium argentatum)lggis
and analysis by PY-GC/MS. J. Anal. Appl. Pyroly&1s(2010) 14-24.
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In fact, HA can react easily with itself (formingdamer clearly distinguishable in sylilation), with
water or other hydroxyls, potentially giving a largumber of chemical species . The difficulty to
obtain HA in the monomeric form (the only pure coernial standard is obviously in dimer form)
further complicates the direct analysis of this poomd.

In order to solve these analytical problems, a thiyleacetalization procedure was tested by
reaction with methanol over solid acid catalystteAfdimethyl-acetalyzation, HA was revealed in
the form of dimethoxy-2-ethanol as the most abuhd&C detectable compound evolved from

switchgrass (3.7% yield) and in relatively highlgiee from the other biomass.

3.1.3.3 Py-GC-AED

In order to obtain of better mass balance, Py-G@Afocedure was utilised to compare different
biomass typologies. Each biomass was analysedpiicate, and the resulting RSD associated to
the vyield of gas and semivolatiles were less i indicating a good precision of the method.

The yields of these fractions are reported in T&ble5.

Table 3.1.5: Carbon yields of the fractions (%/Csampiy from Py-GC-AED of four tested biomass.
Switchgrass Sweet sorghum Corn stover Poplar
% C/Csamp|e %C/Csamp|e % C/CSamp|e %C/Csamp|e

Semivolatile 24 21 19 26
NVM? 29 23 27 24
Bio-oil” 53 44 46 50
Gas 10 10 11 11
Char 37 46 43 40

. .b .
4Calculated as: Sample(Cgast Cehart Csemivolatitd; - calculated as: Lmivolatie+ Cnvm -

Gas carbon yields were 10-11 % for all biomass $esnConsidering that gas consist mainly of
carbon monoxide and carbon dioxide, gas mass yie&ds in agreement with mass yields range
reported in the literature (from lab scale pyrady®sts under different conditions). For instade,
26% for sorghunt® 7-13% switchgrass;* 14-63% corn stalk?® 9-17% popla®*

Poplar yielded the largest quantity of semi-votatiubstances (26% carbon vyield) followed by
switchgrass (24%), sweet sorghum (21%) and cones{d9%).

The solid residue left after pyrolysis (char) wastedmined gravimetrically after pyrolysis and
calcination. Char mass yields from corn stover,etve®rghum, poplar and switchgrass were 21%,
19%, 19% and 17% by weight. These value were $jidghigher than char yields obtained with
flash bench scale pyrolysef§:10>196107.108.10R ey ertheless, this can be due to differences issma

transfers between different systems (this aspeatsimvestigated in chapter 3.5). On carbon basis
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(Table 3.1.5), obtained results showed that, inG&ysystems, 37-46% of pyrolysed carbon is
turned into carbonaceous resid@orn stover and sweet sorghum gave the highesiuption of
solid residue and were characterised by the higheslts of both ash and nitrogen. Interestingly, fo
all tested biomass, char yields showed the bestladion with nitrogen content (Table 3.1.2), with
higher char yield from nitrogen richer materials.

NVM was determined by difference from the amountabfthe other fractions. Absolute carbon
yields of NVM were similar for all tested biomasgh values in the 23-29% range, with slightly

higher values for switchgrass and corn stover (26%27%).

3.1.3.4 Prediction of bio-oil yields and compositioom Py-GC-MS, off-line Py/GC-MS and -AED.
The results coming out from Py-GC-MS and Py-GC-A#PBre integrated on a carbon basis in
order to predict the composition of a “virtual md* derived from the four biomass samples under
the same pyrolysis conditions. To this purpose nyeedds from MS data were turned into yields on
a carbon basis from the knowledge of the moleaulass of each individual compound.

Percent carbon basis concentration in the bio%C/iG0-oi) Were calculated from the yields
utilising the yields of bio-oil evaluated from PYSZAED summing up semivolatiles and NVM.

The carbon yields of bio-olil, reported in Table.8,were highest for switchgrass (53%) and poplar
(50%), where lower values where obtained for coones and sweet sorghum (46% and 44%).
Figure 3.1.3 shows the bio-oil composition on carbasis inferred from Py-GC-MS, Py/GC-MS
and Py-GC-MS-AED.

Py-GC-MS data accounted for a relatively minor tic@at of pyrolysis oil constituents (23-35%
C/Gyiooil). These compounds consisted mainly of carbohyddatevatives formed by thermal
degradation of cellulose and hemicellulose (26-358%y;.-0ii revealed by both derivatization-GC-
MS and direct GC-MS) which included abundant singlemponents, such as acetic acid,
hydroxyacetaldehyde and acetol. The highest comtecdrbohydrate pyrolysis products was found
in poplar bio-oil (33%) and sweet sorghum (35%)t far different reasons. Poplar wood was
characterised by the highest content of cellul@o, Table 3.1.1) and the lowest ash content,
whereas sorghum by the highest content of solukddétem (24%) rich in reducing sugars as
confirmed by the high levels of 5-hydroxy-2-methyHldehyde.

The level of lignin monomers was the highest in lapgpyrolysate (9.8%) in accordance to
abundance of lignin in the original biomass (54%)the case of herbaceous biomass, the content
of lignin monomer ranged from 5.7% (switchgrass) #&% (corn stover) without a strong
correlation with the lignin content, probably due the effect of alkali metals on the thermal

degradation of lignin®
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The remaining fraction of semivolatile compound§%it22%) could be globally determined by
difference from Py-GC-AED data. This fraction isTq@osed by the myriad of minor compounds
that could not be identified by MS. The last frantiwhich accounted for about half the bio-oil
carbon was formed by compounds not amenable tol@©re (NVM), such as pyrolitic lignin and
poly/oligosaccharides. These substances evolvetheutiomass sample following flash pyrolysis,
but were trapped into the Py-GC interface due o Volatility and slow mass transfer. However,
NVM presumably ends up into bio-oil under prepamafpyrolysis conditions. The relative content
of NVM, which is detrimental to bio-oil quality, wahighest for corn stover (59%) and lowest for
poplar (49%). Switchgrass and sorghum yielded mmégliate quality products, with 55% and 53%
Cnvm/Chio-oil, respectively.

Considering all these aspects, poplar would protmebio-oil with the best quality in terms of
lower NVM concentration and higher level of ligmmonomer. In addition, this woody feedstock is
characterised by the lowest content of ash. Amampdceous biomass, switchgrass is seemingly
more promising in terms of higher bio-oil productiovith intermediate NVM and lignin
concentration, and low ash and nitrogen contetfierfeedstock.

Figure 3.1.3: Predicted “carbon based” composition (64&i) of bio-oil from Py-GC-MS (lignin
monomers and carbohydrate derivatives), off linEa83¢MS (polyhydroxylated phenols and polar
cellulose derived compounds) and Py-GC-AED (NVMhestsemivolatiles).
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4. Conclusions

Quantitative off-line and on-line analytical pyrsig coupled with AED and MS detection provided
a set of complementary data useful to perform apawative evaluation of the organic pyrolysate
from different biomass based on carbon yields. Fjr&C-AED method was more precise than Py-
GC-MS, probably because the yields are susceptiblsample heterogeneity in the case of
individual compounds more than the overall fractio

The application of AED and MS detection to samplgzresentative of woody biomass (poplar),
sugar rich biomass (sweet sorghum), waste andiashiromass (corn stover) and herbaceous
energy crop (switchgrass) enabled a fruitful congoar . No large differences in the yield of main
macroscopic fractions (gas, char and liquid) welmseoved despite the differences in the
composition of original feedstock a result thatdiars pyrolysis as a versatile conversion process.
The main differences in the chemical compositiopyblysate were associated with type (HGS or
GS) and quantity of lignin, and with soluble sugarshe feedstock. Ash content is notoriously an
important parameter, but no definitive trends wayeerved with carbon yields.

Finally, this work showed that non volatile matéuding GC detection accounted for about half of
the bio-oil components. For this reason, the kndgde of the chemical composition of this
important fraction represents both a limitation vasll as challenging objective of analytical

pyrolysis.
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3.2. Application of off-line pyrolysis with dynamic solid-phase
microextraction to the GC-MS analysis of volatile b lomass pyrolysis

products

3.2.1. Introduction

As demonstrated in the previous chapter, the aogipdf off-line and on-line pyrolysis with
different detectors (MS and AED) and different datization procedures (silylation and dimethyl-
acetalization) provide chemical information on @evrange of compound classes.

Nevertheless, analysis of the most volatile compsu(e.g. methanol), and especially reactive
volatiles (e.g. hydroxyacetaldehyde) in both oml@nd off-line represent a difficult task for
different reasons, such as peak overlapping, nstarmtaneous pyrolysis time (for low temperature
on-line pyrolysis), solvent interference (in f-le pyrolysis with adsorbent) and strong
reactivity of some compounds (e.g. hydroxy aldekyalesome pyrolysis equipments). Regarding
the latter aspect, problems in the analysis of ¢wyhicetaldehyde were discussed in previous
section (chapter 3.1).

The gquantification of more volatile compounds cobkl accomplished by means of a cryogenic
trap,*?° in order to avoid peak broadening caused by tirngic duration of the pyrolytic reaction
(particularly longer with low temperature pyrolysisAs a cost-effective solution, solid-phase
microextraction (SPME) could be used as a solveg fechnique for sampling pyrolysis products,
and then could be used for de-coupling of pyrolyasmsl analysis. Moldoveanu has recently
investigated the use of SPME combined with pyralysi Pyrolysis was conducted with a heated
coil pyrolyser inside a glass sampling vial thatsvedosed to perform SPME (static SPME). This
method provided qualitative information on the pysts products avoiding the use of solvents in
the off-line configuration and GC column deteriavattypical of on-line pyrolysis-GC/MS. The
main drawback was the necessity of long samplingetin order to detect heavier pyrolysis
products.

Sampling the gas flow in a open system could bealtarnative approach of SPME yet to be
investigated in analytical pyrolysis. This techreqipes not need the complete trapping of volatiles
and eliminates some of the problems of static SPNkE, matrix effects, interaction with inner

120 3. B. Paine Ill, J.B. Pithawalla, J.D. Naworal. strydrate pyrolysis mechanisms from isotopic latgeRPart 2. The
pyrolysis of D-glucose: General disconnective asialyand the formation of C1 and C2 carbonyl compsuhy
electrocyclic fragmentation mechanisms. J. AnalplApyrolysis 82 (2008) 10-41.

121 5.C. Moldoveanu. Pyrolysis GC-MS, Present and feutfRecent Past and Present Needs). J.Microcolumn
Separations 13 (2001) 102-125.
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surface of the vial and long exposure times. Theshod has been applied for qualitative analysis of
products evolved from synthetic polymers pyrolyséith a bench scale pyrolys&

In order to perform a quantitative analysis, botjuikbrium SPME and dynamic SPME can be
used. In the former case the partition equilibriafrthe analyte between the fiber and the gas is
reached. On the contrary, in dynamic SPME, equuiibrmust be avoided as long as possible, and
calibration is performed using Fick diffusion laWhe basic assumption when using Fick law is that
the amount of analyte on the fiber is negligibléhwespect to that expected at equilibrium, ansl thi
condition should be respected during all samplimg t(“zero sink” hypothesisf?

Equilibrium SPME was used for sampling the flue gasa bench scale pyrolyser and different
SPME fibers were tested with good restffsThe main problem of equilibrium SPME, when
applied to analytical off-line system, is the sh&ainpling time needed in a small and discontinue
pyrolysis equipment. Dynamic SPME techniques, iitespf the “zero sink” hypothesis, need
gas/fiber concentrations ratio as much as posfblgom equilibrium conditions; for this reason it
is potentially more appropriate for the off-linerplysis configuration.

Following the detailed compositional study of thgrgbysate of different terrestrial biomass by
analytical pyrolysis, this chapter was dedicatedhi development of a system based on off-line
pyrolysis coupled with SPME and GC-MS analysis @BME-GC-MS), with main the target of de-
couple, without the use of solvent, pyrolysis and @alysis conditions. In particular the aim of
this chapter was to extend the chemical charaeteisto volatiles by exploiting SPME sampling.
The performance of Py-SPME-GC-MS was evaluatedqgiaalitative and quantitative analysis.

Quantitative aspects were focused on volatiCECcompounds.

3.2.2. Materials and methods
3.2.2.1. Biomass samples and chemicals
Biomass samples were already described in the qusvchapter. All solvents, chemicals and

standard were purchased from Sigma-Aldrich.

3.2.2.2 Pyrolysis-SPME equipment

122 3 H. Bortoluzzi, E.A. Pinheiro, E. Carasek and5¢ldi. Solid phase microextraction to concentratiatie products
from thermal degradation of polymers. Polymer Ddgten and Stability 89 (2005) 33-37.

1233, Koziel, I. Novak. Sampling and sample-preparastrategies based on solid-phase microextraftioanalysis of
indoor air. Trends in analytical chemistry 21 (2p®B40-850.

124G, Guéhenneux, P. Baussand, M. Brothier, C. Role6. Boissonnet. Energy production from biomagslysis: a
new coefficient of pyrolytic valorisation. Fuel §2005) 733-739.
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The apparatus employed for off-line pyrolysis watDS 1000 pyroprobe (platinum filament coil)
was described in the previous chagtér?® In this study, SPME replaced the sorbent cayritbr
trapping pyrolysis products. SPME fiber (Supelca@pwlaced at the exit of the pyrolysis chamber
as illustrated in Figure 3.2.1. The following fibavere preliminary tested: 1¢®dn PDMS
(polydimethylsiloxane), 8pim polyacrylate fiber and 7sm carboxen/PDMS (CAR/PDMS).

Figure3.2.1: Scheme of off-line pyrolysis equipment with SPK&tpling and related

dimensional parameters (Z,A see experimental)

fiber
SPME
ZI I
‘ \
A
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N \ “‘V P
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3.2.2.3 Pyrolysis-SPME procedure

A weighed amount of biomass sample (about 2-3 n&p wtroduced into the quartz tube and held
by sylanized quartz wool at the middle portionha# tube. The probe was inserted into the pyrolysis
chamber and the apparatus was fluxed with a nitrageeam at 100 chmin™ for few seconds.
Then the SPME fiber was placed at the exit of ymlgsis chamber and the sample was pyrolysed
at 700 °C (set temperature) for 100 s at the maxinmeating rate (20 °C nis At the end of
pyrolysis the fiber was subjected to GC-MS analyaiter each pyrolysis, the pyrolysis chamber
and the probe were cleaned with acetone and wesd dccurately with a hot air stream at 150°C

prior to analysis.

3.2.2.4 GC-MS

SPME desorption was performed at 280°C in splitiassgle in the injection port of a 6850 Agilent

HP gas chromatograph connected to a 5975 Agilengtirupole mass spectrometer. Analytes
were separated by a HP-5 fused-silica capillarymool (stationary phase poly[5% diphenyl/95%

125D, Fabbri, I. Vassura. Evaluating emission lewlpolycyclic aromatic hydrocarbons from organictenls by
analytical pyrolysis. J.Anal.Appl.Pyrolysis 75 (B)(50-158.

126D Fabbri, C.Torri, V. Baravelli. Effect of zedi and nanopowder metal oxides on the distributfarhiral
anhydrosugars evolved from pyrolysis of cellulose:analytical study. J.Anal.Appl.Pyrolysis 80 (20@A4-29.
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dimethyl]siloxane, 30 m, 0.25 mm i.d., 0.25 mm fitimckness) using helium as carrier gas (at
constant pressure, 33 cril bnear velocity at 200°C). Mass spectra were réedrunder electron
ionization (70 eV) at a frequency of 1 scarvgthin the 12—450n/zrange.

The following thermal program was used: 35°C forefiminutes, then 10°C/min until 300°C

followed by a column cleaning at 310°C for 3 min.

3.2.2.5 Calibration

Calibrations for quantitative analysis of volatdempounds were performed using acetic acid as
model reference compound. Calibration plots (semmgkes in Figure 3.2.2) were obtained by
SPME sampling a constant mass flow of nitrogen gastaining acetic acid. To this purpose, a 25
cm® double necked round flask (placed in an ice batg inserted between the flowmeter and the
chamber in the Nline. The flask was half-filled with pure aceticid connected to the pyrolysis
chamber equipped with the probe and the SPME fibelr flowed with N at 100 cmi min™. The
flask was periodically (every 20 min) withdrawn amdighed; acetic acid mass flow resulted to be
on average 0.20 + 0.05 mg rlinTwo SPME sampling replicates were performed aeheampling
time (10, 30, 60, 100, 200 and 300 s).

Once the calibration plot was established for acatid, a relative response factor Fr(i) was
estimated for other substances as follows:

A Can
AAA mi

where Ai and A are the GC-MS peak areas of analyte and aceti; eespectively, obtained by

Fr(i) =

GC-MS analysis (in 1/100 split mode) of a singleap@alibration solution containing analyte and
acetic acid at concentration; @nd Ga respectively. The calibration solution consistddan
approximately equimolar mixture of acetic acid ¢rehce compound) and the other analytes when
available (formaldehyde, methanol, glyoxal, acetdryeroxyacetone).
For not available analytes (e.g. monomeric hydrogt@dehyde or acetoxy-acetaldehydeli) F
was calculated as shown in the following equation:
_ (SIM/RIC),

(SIM/RIC)
where SIM is the GC-MS peak in the selected ionerad RIC is the GC-MS peak area calculated

in total ion current mode chromatogram.

Fr (i)

3.2.2.6 Yield calculation
The massr() and the yield Yi=mi/msampid Of the analyte evolved upon pyrolysis was cal@dat

from the following equation:
41



_ Dl A
D: [ [Fr (i)
aaa Stands for the initial slope of acetic acid cadtion plot (count s mY. Daa and D are the
diffusion coefficients in nitrogen (frs") of acetic acid and analyte, respectivdlyjs the GC-MS
peak area determined in the mass chromatogram nigaked on the Fuller-Shatting-Giddings
equation:?’ Daa/D; ratio could be approximated by %M °° . All the quantified analytes and all
parameters used for quantification are shown ineral2.1.

Table 3.2.1: Volatile products evolved from off-line pyrolysi$ biomass samples quantified after

SPME sampling and GC-MS analysis.

t® | m/Z2| Structure Compound name | Di/Daa’ | sensitivity”|
1.32| 30 ﬁ formaldehyde 1.41 57
1.38| 31 <|)H methanol 1.37 13
1.38| 44 TJ)\ acetaldehdye 1.17 38
1.39| 58 |Cl)\’ glyoxal 1.02 14
0
1.55| 58 )CL acetone 0.91 19
1.56| 72 )CL, methylglyoxal 0.91 6
o]
1.86| 31 T‘)\ hydroxyacetaldehdye  1.00 47
OH
2.16| 60 O acetic acid 1.00 18
Ho)k

127E N. Fuller, P.D. Shatting, J.C. Giddings. A newtioel for prediction of binary gas-phase diffusiaefficient. J.
C. Ind. Eng Chem. 58 (1966) 19-27.
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2.06| 57 o) 3-pentanone 0.84 35

A

2.16| 43 O hydroxyacetone 0.90 37

A

OH

5.23| 43 acetoxy-acetaldehyde 0.77 74

TJJ\/OY

)

Retention time in minute8.Quantitation ion°Ratio of molecular diffusion coefficient of analyte

5.52| 58 butanedial 0.84 17

and acetic acid Sensitivity in Mcount s mgis given byoaa (Daa/Fi(i) Di (see Experimental

section).

3.2.2.7. Theory

The quantification of volatiles (&C4) was performed through an analytical method base#ick
law. Basic assumptions were complete homogenous flgas, short sampling time and
concentration on the fiber negligible with resp@ctoncentration in the flowing gas.

Being n the analyte amount onto the fibggj, the mass flow (@dt) of analyte that hit the fiber
surface fig s*) can be expressed by equation 1:

=22

t Z

Where C is concentration of the analyte in the ffmagas ig m*), D is the diffusion coefficient of
the analyte (rhs?) in nitrogen, A is the diameter of the samplingface (nf) and Z (m) is the
distance between the surrounding environment amdampling surfacé

As shown in Figure 3.2.1, when the fiber is usedhia retracted mode, A is a known technical
parameter of the fiber and Z is the distance betvilee fiber and the inlet of metallic alloy (e.gisZ

5 mm and A= 0.126 mfnfor totally retracted CAR/PDMS used in this workf).fiber is used
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exposed, A is the exposed area of the samplingdsi and Z is the thickness of stagnant gas layer
on the fiber surface and could be evaluated exmeriafly!2%*2°

In our Py-SPME system, the relationship betweeneewpental conditions, fiber structure and
capture effectivenesqudprg Of the fiber is shown in equation (2), which wabtained by
rearranging and integrating equation (1) as foltows

dnzcijdt
Z

whenQ is the inert gas flow (frs?), then the mass flowu(y %) of analyte isy = C-Q, then:
AD
2)dn=—[& [t = Leapturerq] CAt
(2) RYa [q) HeaptureQ]

The relationship between experimental conditiond aapture effectiveness (equation (3)) was

obtained by integrating equation (2) over the pysl time, here coincident to sampling time (t):
t AD t
dn=—10] qdt
=gzl
@)n=20mn,
Qz

where my is total mass of evolved analyte. Finally, whestimmental response depends linearly on

analyte amount and 8 the specific signal (counts™) produced by the analyte, we have:

— (GC' MS)area — (GC' MS)area
Fr Cltapre a

(0]

a is then obtainable as the initial slope of thelralion plot where abscissa is the flowed analyte

and ordinate is the instrumental response (e.gr€ig12.2).

3.2.3. Results and discussion

3.2.3.1 Sampling set-up

Preliminary Py-SPME experiments with biomass samplerformed under similar conditions
showed that GC-MS response of most volatile com@gsuwas rather poor with PDMS and
polyacrylate fibers in comparison to CAR/PDMS fihewWhen retracted and exposed modes were

compared?® the exposed fiber (using mg amount of sample) s@sn saturated by heavier

128 G, Oyang, J. Pawlzyn. Recent development in SPbiEoh-site analysis and monitoring, Trend in Anayt
Chemistry. 25 (2006) 692-703.

129 3. Koziel, M Jia, J. Pawliszyn. Air sampling witbrous solid phase microextraction fibers. Anale@t72 (2000)
5178-5186
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compounds with consequent mass discrimination doedt feterioration. Eventually, for this work,
the preferred mode was totally retracted CAR/PDM8rf(Figure 3.2.1), in spite of less quantity of
analyte accumulated onto the fiber.

The influence of temperature on the saturation Weba of the fiber was studied at room
temperature and at conditions simulating pyrolyseating coil at 700 °C); acetic acid was used as
model compound for its intermediate volatility aatbundance in biomass pyrolysis vapours.
Typical results are shown in Figure 3.2.2. Heathrgggas flow, the amount of analyte onto the fiber
decreased, but a trend similar to that at room &zatpre was established in the range between
0.01-0.5 mg of acetic acid. A linear response whseoved in this range {R0.998) which
corresponded to 0.2%-20% product yields when agple biomass pyrolysis experiments

performed in this study (2-3 mg of sample).

Figure 3.2.2: Saturation behaviour of the CAR/PDMS fiber intacacid spiked nitrogen flow (100
ml min™ with acetic acid concentration 2 pght room temperature (dotted line) and with
heating coil at 700°C (full line).
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3.2.3.2. Qualitative aspects

The analytical performance of the procedure wasstigated in detail by employing four biomass
types already tested in chapter 3.1: namely switidgy sweet sorghum, poplar and corn stalk
Figure 3.2.3 shows total ion chromatograms (TIClamted from Py-SPME of different biomass
types among those of interest in fuel applicatiofise structural assignment of the main semi-
volatile products is reported in Table 3.2.2. Chatmgrams obtained by Py-SPME of herbaceous
species (switchgrass, sweet sorghum and corn stalie featured by cellulose pyrolysis products,
with 4-hydroxy-5,6-dihydro-(2H)-pyranone (# 21)tae most intense peak.
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Figure 3.2.3: Typical GC-MS profiles obtained by off-line pyraig at 700°C with SPME sampling

of various biomass types. Peak numbers refer tgpoomds listed in Table 3.2.2.
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Table 3.2.2: Compounds tentatively identified by GC-MS aftefrlofe py-SPME of tested

biomass.
# tr Quantitation ion Compound name
min m/z
1 1.32 30 formaldehyde
2 1.38 37° methanol
3 1.38 44 acetaldehdye
4 1.39 58 glyoxal
5 1.55 58 acetone
6 1.56 72 methyl glyoxal
7 1.86 31 hydroxyacetaldehdye
8 2.16 60 acetic acid
9 2.06 57 3-pentanone
10 2.16 43 hydroxyacetone
11 5.23 43 acetoxy-acetaldehyde
12 5.52 58 butandial
13 7.18 96 2-furaldehyde
14 7.81 98 furfuryl alcohol
15 8.20 44 dihydro-4-hydroxy-2(3H)-Furanone
16 9.25 55 2-(5H)-furanone
17 9.31 70 2-methylcyclopentanone
18 9.44 98 ciclopentanedione
19 10.10 73 1,3-dioxolane-2-methanol
20 10.66 94 phenol
21 10.94 114 4-hydroxy-5,6-diihydro-(2H)-pyranone
22 11.50 112 2-hydroxy-3-methyl-2-cyclopenten-1-one
23 12.13 128 2-(propan-2-one)-tetrahydrofuran
24 12.01 108 2-methylphenol
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25 12.14 85 tetrahydro-2H-Pyran-2-methanol

26 12.36 107 4-methylphenol

27 1254 128 2,5-dimethyl-4-hydroxy-3(2H)-furanone
28 12.61 109 guaiacol

29 1311 126 3-ethyl-2-hydroxy-2-cyclopenten-1-one
30 13.19 114 3-methyl-2,4(3H,5H)-furandione

31 13.83 107 4-ethylphenol

32 14.20 43 anhydro isosaccharirelactone

33 1456 69 1,4-3,6-dianhydroglupyranose

34  14.27 138 4-methylguaiacol

35 14.40 110 1,2-benzenediol

36 14.61 120 4-vinylphenol

37 14.87 97 5-hydroxymethyl-2-furaldehyde

38 15.33 140 3-methoxy-1,2-benzenediol

39 1553 137 4-ethylguaiacol

40 15.92 144 ascopyrone P

41  16.02 150 4-vinylguaiacol

42 16.52 154 Syringol

43  16.62 164 eugenol

44 17.22 151 vanillin

45  17.29 164 cis-isoeugenol

46 17.77 168 4-methylsyringol

47  17.82 164 trans-isoeugenol

48 17.99 137 2-(4-hydroxy-3-methoxyphenyl)-ethanal
49  18.33 151 methylguaiacylketone

50 18.76 167 4-ethylsyringol

51 18.86 137 1-(4-hydroxy-3-methoxyphenyl)-2-propanone
52 19.23 180 4-vinylsyringol

53 19.67 194 cissmethoxyisoeugenol

54  20.23 194 trans-methoxyisoeugenol

55 20.36 182 syringaldehyde

56 20.78 194 methoxyeugenol

57 21.17 181 4-hydroxy-3,5-methoxy acetophenone
58 21.23 178 4-hydroxy-2-methoxycinnamaldehyde
59 21.56 167 1-(4-hydroxy-3,5-dimethoxyphenyl)-2-propanone

Interestingly, the pyrolysate of sweet sorghum waigjue in being characterised by relatively high
levels of 5-hydroxymethyl-2-furaldehyde (# 37). Jlinding could be explained by higher amount
of reducing sugars that characterize this plarg fable 3.2.15*°

Peaks produced by lignin phenols were dominated-binylphenol (# 36), a typical marker of
herbaceous biomass. Instead, Py-SPME of poplagntals representative of hardwood biomass,
produced pyrograms characterised by the dominafcgyringol (# 42) and its derivatives in

130E B. Sanders, A.l. Goldsmith, J.I. Seeman. A maiad distinguishes the pyrolysis of D-glucose ricfose, and
sucrose from that of cellulose. Application to thelerstanding of cigarette smoke formation. J. AAppl. Pyrolysis
66 (2003) 29-50.
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comparison to herbaceous biomass. As expectedhyphienol was negligible, in accordance to
lignin composition of hardwootf*

Thus, on a qualitative base, the results pertaitorgemi-volatiles compounds (zGvere similar to
those obtained by on-line Py-GC-MS (see chaptex. B1laddition, sampling with SPME allowed
the detection of volatile pyrolysis products, exgiag the mass range of compounds analyzable by
GC-MS in off-line pyrolysis, and allowing a goodromatographic separation also with low
pyrolysis temperatures (with consequential larg®lygis time). In fact, the early eluting region of
chromatograms were characterized by a cluster iafg overlapped peaks produced by volatile
compounds. These compounds were better evidencesktibpgcting the mass chromatograms of

selected ions in their mass spectra, as showrgur&i.

Figure 3.2.4: Early eluting region of GC-MS trace obtained frpjrSPME of switchgrass
(pyrolysis set at 700°C). Extracted ion currentsi&tcharacteristic of volatile pyrolysis products

(see Table3.2.2).
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In all the tested samples, main volatile{;) compounds were identified through the analysis of
pure compounds, namely hydroxyacetaldehyde, mdtfoxgl, acetic acid, 3-pentanone, methanol,
formaldehyde, acetaldehyde, carbon dioxide andnlediial. The attribution is largely in accordance

120,132

with literature data Acetoxyacetaldehyde, which is the condensatioodynst of

hydroxyacetaldehyde and acetic acid, was tentgtidehtified by its mass spectrum.

1313, Ralph, R.D. Hatfield. Pyrolysis-GC-MS Charactetion of Forage Materials. Journal of Agric. Fdditem. 39
(1991) 1426-1437.

1323, Piskorz, D. Radlein, D.S. Scott , S. Czerniluid products from the fast pyrolysis of wood amdlulose. In:
Bridgwater AV, Kuester JL, Eds. Research in thernemgical biomass conversion. London, New York: Bksev
Applied Science (1988) 557-71.
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3.2.4.3. Quantitative analysis of volatiles

The performance of Py-SPME in the quantificatioost boiling point pyrolysis products (€C,)
evolved from biomass was evaluated. Pure cellul®also subjected to the Py-SPME procedure
for comparison. Mean quantitative yields and retastandard deviations (RSD as percentage) of
the most abundant volatile pyrolysis products esdlMfrom herbaceous and woody biomass
samples, as well as from cellulose, are reportéchlyie 3.2.3.

Table 3.2.3: Yields (mass %) of volatile pyrolysis productsaibed obtained from off-line Py-

SPME of biomass samples. Mean values and % relsttrglard deviations (n=5).

compound Switchgrass Sweet sorghum  Corn stalk Poplar Cellulose
mean RSD mean RSD mean RSD mean RSD mean RSD
Formaldehyde 1.0 47 0.57 46 05 50 08 62 16 24
Methanol 0.66 36 0.46 40 08 49 13 51 022 35
Acetaldehyde 0.50 44 0.35 15 04 33 040 9 043 41
Glyoxal 58 74 2.2 47 32 8 27 61 51 5
Acetone 0.35 51 0.3 50 042 56 026 79 048 24
Methylglyoxal 50 52 3.8 71 51 74 27 45 28 25
Hydroxyacetaldehyde 14 36 14 53 12 63 12 37 74 22
Acetic acid 29 32 3.6 85 50 68 52 56 018 42
3-pentanone 1.1 96 1.6 59 21 86 15 48 040 8
Hydroxyacetone 21 60 2.2 83 3.7 8 24 88 020 33
Acetoxyacetaldehyde 2.6 63 2.9 55 33 87 38 68 009 62
Butandial 27 75 3.5 53 29 69 49 68 n.d.
Sum 38 42 35 50 39 66 38 46 19 10

Data relative to cellulose indicate that the plieaif the Py-SPME method is comparable to that
from off-line pyrolysis methods for semi-volatilegolucts (around RSD 25% on averaf@)As
expected, the precision deteriorated when moviagfpure cellulose to biomass samples, which
displayed rather high RSD values, especially indage of minor pyrolysis products (Table 3.2.3).
The largest data dispersion was obtained with statk (67 % mean RSD), while slightly lower
RSD values (55% mean RSD) were observed for ther ditlomass types. The observed large RSD
values could be partially explained by the strortglogeneity of biomass samples, as reported, for
instance, by Boatenet al. who found a large variability in the yields of sevolatile compounds
(from pyrolysis alfalfa stems): For all the samples, hydroxyacetaldehyde was thi@ myrolysis

product, with yields up to 14+2% and 14+4% (meacotifidence ati=0.05) from switchgrass and

133 A.A. Boateng, D.E. Daugaard, N.M. Goldberg, K.Bcks. Production of Pyro-oil from Alfalfa Stems Bjuidized-
Bed Fast Pyrolysis. Ind. Eng. Chem. Res. 47 (28085—4122.
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sorghum, respectively. Other abundant pyrolysidpets detected with SPME were acetic acid,
butanedial, glyoxal, methyl-glyoxal and acetoxytatehyde, with yields in the 4-7 % range.
Poplar produced the highest amount of methanot@®3P6 yield), acetic acid (5.2 £1% vyield) and
butanedial (4.9+2%), whereas switchgrass was ctaaraed by the largest levels of formaldehyde,
glyoxal and methylglyoxal production (1.0+£0.2%, 286 and 5.0+3%, yields respectively). With
the exception of formaldehyde (1.6+£0.2% yield), Hraount of volatiles produced by cellulose
pyrolysis was lower in comparison with whole biosabhis is accordance with the absence of any
catalytic effect by inorganic constituents, the foatalytic depolymerisation of cellulose favouring

the formation of anhydrosugars and formaldeh\/de.

Table3.2.4 : Comparison between yields, for acetic acid (&A) hydroxyacetaldehyde (HA)
obtained from this study and those reported irliteeature. Mean valueconfidence interval
(a=0.05 n=5).

Switchgrass Sweet Sorghum Corn Stalk Poplar Cellulose
HA | This study 14 2 14 +4 12 4 12 £2 7,38 0.2
Lit. 11434 7.2'% n.a. 10*% 4.8
AA | This study 29 0.5 36 1 50 =2 52 =1 0,18 +0.04
Lit. 2.85%% 2.4%% 4190 5.4%% Low™’

4values were back calculated from bio-oil yields anBlished analyte concentrations in bio-oil.
bvalues were back calculated from bio-oil yields anBlished total carboxylic acid concentration

in bio-oil.

In order to evaluate the ability of the micro-scalethod here developed to work as a model system
of large scale pyrolysis apparatus, the yieldscetia acid and hydroxyacetaldehyde measured with
Py-SPME were compared to those reported in theatitee from the analysis of pyrolytic liquids
from similar biomass types. Such a comparisonustiiated in Table 3.2.4.

Mean vyields of acetic acid determined with Py-SPM&re consistent to those resulting from
pyrolysis reactors and pyro-oil analysis. For ins&g switchgrass 2.9 and 2.8%, poplar 5.2% and
5.4%, for micro-scale and macro-scale, respectivielyagreement with the origin of acetic acid
from non-cellulosic components, the yield of acetoed from cellulose was significantly low. As

far as hydroxyacetaldehyde is concerned, Py-SPMlviged similar mean values from all the

134 3. Piskorz, P. Majerski, D. Radlein, D.S. Scotl ABridgewater. Fast pyrolysis of sweet sorghum sweet
sorghum bagasse. J. Anal.Appl. Pyrol. 46 (1998295-

1350. loannidou, A. Zabaniotou, E.V. Antonakou, K.Rhpazisi, A.A. Lappas, C. Athanassiou, Investigptire
potential for energy, fuel, materials and chemigatsduction from corn residues(cobs and stalks)dry-catalytic and
catalytic pyrolysis in two reactor configuratiom®newable and Sustainable Energy Reviews 13 (ZG&®)762.

1% Donald S. Scott, Lachlan Paterson, Jan Piskorgiided Radlein, Pretreatment of poplar wood for figsblysis:
rate of cation removal, Journal of Analytical angpfied Pyrolysis 57 (2000) 169-176.

1377. Luo, S. Wang, Y. Liao, K. Cen. Mechanism Staflellulose Rapid Pyrolysis. Ind. Eng. Chem. R8$20D04)
5605-5610.
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investigated biomass types (12-14%, Table 3.2.#igreas data from literature fall in a lower and
less uniform range (7-10%), but still not too fanrh analytical pyrolysis. At this purpose, it is
worth pointing out that that the original concetita of hydroxyacetaldehyde in the bio-oil might
be reduced by the chemical instability of this commpd due to its tendency to react with other
components and to give self-condensation proddttEhus, the Py-SPME method is capable to
provide a picture of the chemical composition oétiae” pyrolysate as soon as it is formed and
prior to its condensation into pyro-oil dropletsdasubsequent post-pyrolysis reactions, such as
polymerization of reactive aldehyd&8.This feature may also explain the good agreemeiutden

analytical and applied pyrolysis found for acetieda which is known to be rather stable in pyro-
oil.***

3.2.4. Conclusions

Off-line Py-SPME-GC-MS provided GC-MS traces simita those resulting from conventional
Py-GC-MS discussed in the previous chapter, but witlearer pattern of peaks in the first eluting
region associated to volatile pyrolysis productsetfmnol, acetone, formaldehyde, glyoxal,etc.).
Selected ion monitoring enabled the identificatemmd a rough quantitative evaluation of these
compounds. Py-SPME combines the benefits of n#-pyrolysis in avoiding memory effects and
GC column deterioration often observed in the ae-ltonfiguration, with those of SPME which is
a rapid and solventless procedure enabling theitgtia¢ analysis of volatiles along with semi-
volatile compounds.

In spite of severe assumptions (e.g. validity ks law ) and limitations (e.g. low precision), a
preliminary assessment based on a dynamic modedcted fiber mode, external calibration with
acetic acid as reference compound and estimatkdidih coefficients, indicated that quantification
of volatile compounds is feasible.

The yields of acetic acid and hydroxyacetaldehyseilted consistent with the composition of bio-
oil, suggesting a reliable application of Py-SPMEscreening studies, such as testing catalyst
activity, different biomass typologies, pyrolysisnditions. These factors are of much interest in
developing the correct strategies to improve tharatteristics of bio-oil as a feedstock for fuels

and chemicals.

138D, Leiseur, V. Castola, A. Bighelli. Quantificatiaf hydroxyacetaldehyde in a biomass pyrolysisitiqusing**C
NMR spectroscopy, Spettroscopy letters 40 (2007)&3R.

139 A. Oasmaa, E. Kuoppala. Fast Pyrolysis of ForeRegidue. 3. Storage Stability of Liquid Fuel. EpneFuels 17
(2003) 1075-1084.
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3.3 Micro-scale GC-MS determination of polycyclica  romatic
hydrocarbons (PAHSs) evolved from pyrolysis of bioma SS

3.3.1. Introduction

In the previous two chapters, different technigb@sed on analytical pyrolysis were developed and
applied to the chemical characterisation of pyralgsarising from four terrestrial biomass. The
procedures provided qualitative and quantitatifermation on the main evolved compounds that
eventually end up into the bio-oil. The knowleddetlte occurrence of principal constituents is
important for the production, storage and delivefybio-oil as they determine fuel properties as
well as hazards (e.g. fires and explosions). Bssithain constituents, health hazards can be caused
by the occurrence of trace but highly toxic constitts, such as polycyclic aromatic hydrocarbons.
The actual understanding of the inherent hazards tdubio-oils should be a core issue in the
sustainability assessment of bio-energy processd# aould be also consistent with the European
REACH systent?® aimed at the improving of protection of human treand the environment
through a better and earlier identification of thieerent properties of chemical substances.
Considering that bio-oil have origin from high teengture depolymerisatidi and since these
substances are among the most powerful carcinogeb&tances that compose pyrolysis oil, PAHs
, even if present at mg Rglevel, could represent an important long term thelahzard.
Understanding the pyrolytic formation of PAHs ispontant for assessing technological problems,
health hazards and environmental impacts relatethéo utilisation of vegetable biomass for
energetic purposes, such as combustion and pysolysthe case of pyrolysis, formed PAHs end
up into bio-oil a candidate liquid biofuel for pomyglants and transportation, adversely affectisg it
toxicity with implications during storage, handlirand transportatiot{***® Whereas there are
plenty of studies regarding the analysis of PAHsttesh during biomass combustion due to the
importance of this source in the global and localimnment, fewer works have been published

dealing with the quantitative determination PAHbi0-oil.244+14%146.147.14% these studies, GC-MS

140 European Union Regulations (CE) N. 1907/2006 Eeaopparliament, 18 december 2006.

141y, Zhang, S. Tao.Global atmospheric emission itmgnof polycyclic aromatic hydrocarbons (PAHSs) &504.
Atm Environ 43 (2008) 812-819.

142 A, Oasmaa, D. Meier. Norms and standards forpsilysis liquids: 1. Round robin test. J Anal Apgyrol. 73
(2005) 323-334.

143 Cirad, Aston University, BFH, An assessment ofdiictoxicity for safe handling and transportatidfinal
Technical Report, Part I, 2003 (available on-lihegvevw.pyne.co.uk

144H. Pakdel, C. Roy. Hydrocarbon content of liquidqucts and tar from pyrolysis and gasifiation @od. Energ
Fuel 5 (1991) 427-436.

145p 1. williams, P.A. Horne. Analysis of aromaticdngcarbons in pyrolytic oil derived from biomassAdal. Appl.
Pyrol. 31 (1995) 15-37.
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was the technique of choice due to its selectigitg sensitivity. Fast screening methods can be
usefully adopted to investigate the influence aftsdifferent factors as process conditions, biomass
feedstock and the effect of catalysts preliminaryst¢ale-up. Analytical and microscale pyrolysis
combined with GC separation and/or MS detection re/Heeating was induced by a platinum
filament****°or a laser beaht along with small reactors heated by furnat&>***have been
successfully applied to study the effect of varipasameters on PAHs formation from biomass
constituents. These studies have shown that PAlduptmon tends to increase with increasing
temperature and residence tiifé>® and is generally highest for cellulose even Httirely low
temperatures from the decomposition char, whilenitig mostly degrades to benzene
derivatives->**?In this study, analytical pyrolysis in the off-lim®nfiguration was evaluated as a
tool to provide quantitative information on the guation of PAHs from the pyrolysis of biomass.
Two different techniques of sampling were tested tlie sake of simplicity abbreviated as Py-SPE
(from solid phase extraction) and Py-SPME (fromdsphase micro-extraction). In the former case,
pyrolysis products were trapped onto a sorbentsatdequently solvent eluted, in the latter case
pyrolysate was sampled by means of a SPME micexfiWWhite poplar was selected as

representative woody biomass owing to its impanaas potential feedstock for renewable energy.

3.3.2.Experimental

3.3.2.1 Analytical pyrolysis

The base apparatus employed in off-line pyrolys#s \wescribed in detail in previous chapters. A
sample holder quartz tube containing an exacthgkead amount of milled poplar wood (about 8-10
mg) or poplar wood mixed with H-ZSM-5 zeolite (15gml/20 weight ratio; zeolite from PQ
corporation was pretreated at 550 °C for 6 houra$ wmtroduced into the platinum coil and the

16p A. Horne, P.T. Williams. Influence of temperatan the products from the flash pyrolysis of bisméauel 75
(1996) 1051-1059.

147N. Padban, I.Odenbrand. Polynuclear aromatic toattns in fly ash from pressurized fluidized bedification of
fuel blends. A discussion of the contribution ofttie to PAHs. Energ. Fuel 13 (1999) 1067-1073.

148\W.T. Tsai, H.H. Mi, Y.M. Chang, S.Y. Yang, J.H. &@fg. Levels of polycyclic aromatic hydrocarbonstie bio-oils
from induction-heating pyrolysis of food-processseyvage sludges. Bioresource Technol. 98 (20073-1137.

149D, Fabbri, I. Vassura. Evaluating emission lewlpolycyclic aromatic hydrocarbons from organictenls by
analytical pyrolysis. J. Anal. Appl. Pyrol. 75 (B)QL50-158.

130D, Fabbri, V. Bevoni, M. Notari, F. Rivetti. Prapies of a potential biofuel obtained from soybeilrby
transmethylation with dimethyl carbonate. Fuel 36077) 690-697.

151 A.M. Herring, J.T. McKinnon, K.W. Gneshin, R. Péa D.E. Petrick, B.D. McCloskey, J. Filley. Defien of
reactive intermediates from and characterizatiopi@miass char by laser pyrolysis molecular bearrsrapsctroscopy.
Fuel 83 (2004) 1483-1494.

152R K. Sharma, M.R. Hajaligol. Effect of pyrolysisraitions on the formation of polycyclic aromatigdnocarbons
(PAHSs) from polyphenolic compounds. J. Anal. Agpyrol. 66 (2003) 123-144.

13T E. McGrath, W.E. Chan, M.R. Hajaligol. Effectinbrganics on the formation of PAHs during low feerature
pyrolysis of cellulose. J. Anal. Appl. Pyrol. 68003) 51-70.

154 AN. Garcia, M.M. Esperanza, R. Font. Comparisetwieen product yields in the pyrolysis and comioustf
different refuse. J. Anal. Appl. Pyrol. 68-69 (3)®77-598.
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probe was in turn inserted into the pyrolysis chami@he apparatus was fluxed with a nitrogen
stream at 200 ml mihprior to pyrolysis. Two sampling procedures wetiised: Py-SPE and Py-
SPME (Figure 3.3.1).

Figure 3.3.1:Scheme of off-line Py-SPE and Py-SPME procedti&?
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3.3.2.2 Py-SPE

The exit of the pyrolysis chamber was connected tass tube containing 100 mg of silica gel,
withdrawn from a DSC-Si SPE cartridge, packed wihss wool and conditioned witlithexane.
Samples were pyrolyzed at 625 °C set temperatunee@ponding to a maximum temperature of
500 °C as measured with a thermocouple) for 1GGseamaximum heating rate (20 °C ThsAfter
pyrolysis, the apparatus was vertically positionsgiked with 100ul of surrogate PAH mix
solution and rinsed with 6 ml ekhexane. The solvent was left to flow through thieas cartridge
into the collecting vial. The obtained solution vihen blown down to 10-50I under nitrogen and
analysed by GC-MS. Emission levelsy(PAH g* pyrolysed biomass) were determined by internal
calibration.
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3.3.2.3 Py-SPME

In the Py-SPME procedure a carboxen/polydimetropsihe (CAR/PDMS) 75 um fiber (Supelco)
was placed at the exit of the pyrolysis chambetessribed in detail in a previous wdrk. Samples
were pyrolyzed at 700 °C set temperature for 1@ the maximum heating rate of 20 °C th s
After pyrolysis, the fiber was immersed into 5 nil A0 % ammonia agueous solution under
magnetic stirring for 15 minutes. The fiber was tgedried under nitrogen flow for few seconds
and then subjected to GC-MS analysis. Peak areBaldE normalized to the amount of pyrolysed
biomass exhibited a high variability (RSD 30-70%ethreplicates), therefore emission levels were

not determined.

3.3.2.4 GC-MS

Analyses were performed in splittess mode at 280fG@he injection port of an Agilent 6850
gascromatograph connected to an Agilent HP 5978rgpale mass spectrometer. Analytes were
separated by a HP-5MS fused-silica capillary colufstationary phase poly[5% diphenyl/95%
dimethyl] siloxane, 30 m, 0.25 mm i.d., 0.25 pnmfithickness) using helium as carrier gas. GC
conditions were 20 °C mihfrom 50 to 100 °C, 5 °C mihfrom 100 °C to 300 °C and then 300 °C
for 7.5 minutes. Mass spectra were recorded unigetren ionization (70 eV) within threm/z
ranges: (1)m/z127-241 from 0 to 35 minutes (10 scan/sec)n{®251-253 from 35 to 40 minutes
(10 scan/sec). (3n/z 276-278 from 40 to 50 minutes (15 scan/sec). Aewithass range was
adopted in step (1) in order to identify alkylate8Hs. In the case of Py-SPME mass spectra were

recorded in then/z35-450 interval.

3.3.3. Results and discussion

3.3.3.1 Py-SPE

In a previous study devoted to the determinatiorrafssion levels by analytical pyrolysis in the
off-line configuration, PAHs evolved from pyrolysi$ organic materials were trapped onto a non-
polar sorbent (polystyrene/divinylbenzene XAD-2 imgsand eluted with dichloromethah®.
However, the application of this procedure to biesmaesulted inadequate due to the strong
interference by lignin phenols. Therefore we haslepéed the a Py-SPE procedure for the analysis
of bio-oil: PAHs were trapped onto silica gel ardted with n-hexane. The selected quantity of
sorbent was sufficient to trap evolved PAHs quatitiely as determined by breakthrough
experiments with a second layer of silica.

155C. Torri, D. Fabbri. Application of off-line pyrgsis with dynamic solid-phase microextraction te GC—-MS
analysis of biomass pyrolysis products. Microche®3J(2009) 133-139.
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Figure 3.3.2: GC-MS profiles obtained from Py-SPE of (A) poplavod and (B) poplar wood with
zeolite HZSM-5 (20/1) at 500 °C. In the inset egteal mass chromatograms at selected ions. Peak

numbers refer to Table 3.3.1 (*) contaminants.
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Table 3.3.1: Structural assignments of GC-MS peaks in Figs. @48 the indication of

characteristic ions in mass spectra (quantitatos for priority PAHS).

# | Compoundr/2 4 |Compoundif/)

1 benzene(8) 33 |4-ethylsyringol (167182

2 |toluene (9192) 34 |dibenzofuran (139168

3 |furaldehyde (9596) 35 | C3- naphthalenes (15570

4 |ethylbenzene (91,06 36 |2,3,6- trimethylnaphthalene (15670
5 m/p-xylenes (91.106) 37 |2,3,5- trimethylnaphthalene (15670
6 phenol (6694) 38 |4-vinylsyringol (165,180

7  |trimethylbenzenes (10820 39 |Fluorene (66

8 benzofuran (90118 40 |Methyldibenzofuransi8l, 182)

9 m/p-phenols (107108 41 |4-E-propenylsyringol (179194

10 |Quaiacol (109124 42 |2-methylfluorene (165180

11 | methylbenzofurans (13132 43 | 1-methylfluorene (16380
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12 | methylindenes (129,30 44 |Methylfluorenes (163,80

13 |4-methylguaiacol (12338) 45 | Phenanthrene-d10 (188)
14 | naphthalenel28) 46 | Phenanthren€el78

15 | dimethylbenzofurans (14346 47 |Anthracenel78

16 |4-ethylguaiacol (137152 48 | 3-methylphenanthrend 92
17 | 2-methylnaphthalene (14142 49 |2- methylphenanthrend$2)
18 |4-vinylguaiacol (135150) 50 |9/4- methylphenanthrené4?2)
19 |1-methylnapthalene (14142 51 |1-methylphenanthrenda 2
20 |trimethylbenzofurans (143,60 52 | C2-phenanthrene2Q6)

21 |syringol (139,154) 53 |fluorantheneZ02)

22 | 2-ethylnaphthalene (14156 54 |Pyrene 202

23 |2,6/2,7-dimethylnaphthalene (14156) 55 |ChryseneZ28)

24 | 1,3-dimethylnaphthalene (14156) 56 | Chrysene-d12240)

o5 | 1,6/1,7-dimethylnaphthalene (14156) 57 |benzplanthracened28
26 |2,3/1,4-dimethylnaphthalene (14156) |5g |benzop]fluoranthene 252
27 | 1,2/1,5-dimethylnaphthalene (14156) 59 |benzoK]fluoranthene 252

o8 |1,8-dimethylnaphthalene (14156) 60 |benzop]pyrene @52

29 | E-isoeugenol (149164) 61 |Indeno[1,2,3edpyrene @76)
30 |acenaphthylene (152) 62 |dibenzp,hlanthracene78)
31 |acenaphthene-d10(164) 63 | benzofhilperylene 276)

32 |acenaphthene (153)

The resulting chromatograms (an example in FiguBe2d) were featured by peaks associated to
polyaromatic compounds, principally benzofuranslemes and naphthalenes, without significant
amount of interferents. The pattern of alkylate@hthalene, fluorene and phenanthrene from Py-
SPE was also strongly similar to that found in bilg>°

Emission levels of priority PAHs are reported irblea3.3.2 The precision of the method was fairly
satisfactory (13-45% RSD) considering that thenstc variability of the pyrolytic process should
be high when operating with a small quantity (<mi@) of a heterogeneous sample such as woody
biomass. Emission levels determined by Py-SPE @6-fLg ¢ range) were fairly comparable to
those calculated from the analysis of bio-oil byargrscale analysis® with naphthalene and

fluorene as the most abundant PAHs. The highestddaund in Py-SPE were probably determined

1% D, Fabbri, A. Adamiano, C.Torri. GC-MS determinatiof polycyclic aromatic hydrocarbons evolved from
pyrolysis of biomass. Anal Bioanal Chem. 397 (203@9-317.
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by the different operating conditions between atizdy and preparative pyrolysis (e.g. pyrolysis

time, trapping of pyrolysis products, etc.).

Table 3.3.2. Emission levels of PAHs from Py-SPE at 500 °Qooplar wood with and without
zeolite HZMS-5 (mean values and RSD from 5 repdisat

PAH Poplallr RSD + zeolite RSD
Hg g % HO g %
naphthalene 6.3 13 2400 17
acenaphthylene 0.62 29 27 0.2
acenaphthene 0.98 45 21 28
fluorene 3.4 23 82 21
phenanthrene 0.88 20 197 12
anthracene 0.79 28 213 12
fluoranthene 0.26 36 2.8 6.6
pyrene 0.37 19 22 51
chrysene 0.12 40 45 13
benzp]anthracene 0.12 42 13 22
benzop]fluoranthene 0.07 41 1.7 18
benzoK]fluoranthene 0.05 40 4.6 14
benzof]pyrene 0.12 45 6.3 30

As far as catalytic pyrolysis is concerned, zeoliteM-5 is probably the most tested catalyst to

fP1571583nd for this reason was selected in this studg. known

improve fuel properties of bio-d
from analytical pyrolysis of biomass constitueritattthe presence of ZSM-5 increased noticeably
the production of aromatic hydrocarbons, howeveHBAvere not quantified®”**®In accordance,
GC-MS profiles of the aromatic fraction resultimprh Py-SPE of poplar wood were profoundly
modified in the presence of ZSM-5 (Figure 3.3.2fgphthalenes became the dominant peaks and
phenathrene and anthracene (# 46 and 47) coultebdycrevealed. Quantitative data reported in

Table 3.3.2 show that the emission levels of PAHskedly increased in the presence of ZSM-5

57T R. Carlson, T.P. Vispute, G.W. Huber. Green Gasdy Catalytic Fast Pyrolysis of Solid Biomassrived
Compounds. ChemSusChem 1 (2008) 397-400.

18T R. Carlson, G.A. Tompsett, W.C. Conner, G.W. etuAromatic Production from Catalytic Fast Pyragysf
Biomass-Derived Feedstocks. Top Catal. 52 (2009)252.
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(e.g. naphthalene from 6 to 2400 ¢ gphenathrene from 0.9 to 200 pg and benzd]pyrene
from 0.1 to 6 pg Q).

This finding is in agreement with studies basedh@analysis of bio-oil obtained from preparative
pyrolysis of wood** For instance, benzalpyrene was reported to increase from undetectable
levels in original bio-oil to 800 pggin HZSM-5 catalytically upgraded bio-oit*® In this respect,
guantitative results from analytical pyrolysis wahd without catalyst are consistent with literatu
data. It is worth underlying that the concentrat@inPAHs expected in bio-oil from uncatalysed
pyrolysis was comparable to that found in di8ef® and gasolin€®'® but may exceed

conventional transport fuels in bio-oil derivedrfraeatalytic pyrolysis with zeolite.

3.3.3.2 Py-SPME

Chromatograms obtained from Py-SPME of poplar wdexample is shown in Figure 3.3.3a)
were characterised by peaks due to lignin pherol9( 13, 16, 18, 21, 29, 33, 41) that could not be
eliminated after washing the fiber with ammoniausioh.

Figure 3.3.3: GC-MS profiles obtained from Py-SPME of (A) papiaood and (B) poplar wood
with zeolite HZSM-5. Peak numbers refer to TabR 3. (*) contaminants.
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159 J.L. Perez Pavon, M. del Nogal Sanchez, M.E. Fetea Laespada, B. Moreno Cordero. Determinaticaraatic
and polycyclic aromatic hydrocarbons in gasolinegiprogrammed temperature vaporization-gas chrognaphy—
mass spectrometry. J Chromatogr A 1202 (2008) 126-2

180)_.c. Marr, T.W. Kirchstetter, R.A. Harley, A.H. Bjiiel, S.V. Hering, S.K. Hammond. Characterizatibn o
Polycyclic Aromatic Hydrocarbons in Motor Vehicleéls and Exhaust Emissions. Environ Sci Techno(1339)
3091-3099.
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Prominent PAHs could be detected in the extractagsnechromatograms allowing a rough estimate
of emission levels by external calibration. Howeysecision was rather low (RSD in the 30-70%
range) and PAHs heavier than pyrene could not bectiel. Main pyrolysis products probably
saturated the fiber operating in the exposed f6aéecting the adsorption of PAHSs.

Although not suitable for PAH quantitation, Py-SPM&uld be proposed as a fast screening
method to acquire a qualitative picture of the pygate composition. As an example, the pattern of
alkylated PAHs obtained by SPME sampling exhibdexirong resemblance with the distribution
obtained from the analysis of by mean of Py-SPkeWwise, the effect of zeolite on the pyrolysate
composition determined Py-SPME was in line with§BE, as evidenced by comparing Figure
3.3.2 b and Figure 3.3.3b. In the presence of teettie production of aromatic hydrocarbons
augmented considerably, and chromatograms weneréebby intense peaks due to naphthalene
and its methylated forms. The absence of solvetiterPy-SPME procedure enabled the detection
of volatile organic compounds, among them BTEX @, toluene, ethylbenzene and xylenes)

produced the most intense peaks.

3.3.4 Conclusions

Besides the analysis of main pyrolysis productdbiomass, off-line analytical pyrolysis can be
applied to the detection of PAHs, which are traoastituents in bio-oil. Py-SPE resulted more
adequate for the quantitation of PAHs and the donidsvels resulted comparable to those obtained
from the analysis of bio-oil. From the qualitatipeint of view, the solventless and faster Py-SPME
procedure provided a wider picture of the pyrolgsaabling the detection of volatile compounds,
such as BTEX. Overall, analytical pyrolysis is edifas a screening technique on a quantitative base
in those applications where significant rather tisabtle variations of PAH emission have to be
investigated. For instance, in the case of catajygrolysis whereby the energetic value of biokil
improved by reducing the content of oxygen throtigh elimination of water or carbon dioxide
from organic compounds through the action of acsiwkds. Here, the activity of different catalysts
towards the unwanted production of PAHs could hvestigated by the Py-SPE procedure in order

to predict the levels expected in biofuels.
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3.4 Structural analysis of bio-char by Py-GC-MS.

3.4.1. Introduction

The solid residue formed upon biomass slow pyrslysharcoal, has historical applications dating
back to the human civilizatiofi* Charcoal is still used as a solid fuel, a reduciasteel industry,
and in the activated form as a sorbent materiateRity, agronomic (solil fertility, crop growth) and
environmental (reducing GOCH,; N,O emission; adsorption of contaminants) applicatiane
receiving growing interest in the literature anc tterm bio-char has become familiar to the
scientific community*®***3The importance of bio-char as soil conditionertfiat also named as
agri-char) or carbon sequestration agent and itpaaih to the environment require a full
understanding of its properti@§16>166.167.168.169 4 the mechanisms controlling its activity in
SOi|.170'171

The stability in soil is a paradigmatic attributé lmo-char when selecting its application in
environmental (carbon sequestration) or agricullt{ieatility increases) applications.

It is known that naturally occurring charcoal arldck carbon (BC), in the wide sense including
char, soot, graphite, all the form of carbonaceunagier produced by incomplete combustion of any
organic material), as those preserved in soils fforast fires, exhibit different degrees of stapili
probably related to the depolymerisation and serfadgdation which in turn are related to chemical
structure. Volatile content (VM) of fixed carbora(bon which do not volatilize at 900°C, FC) was

proposed to be the most convenient method to egitnia-char stability for the purpose of carbon

81 M.J. Anatal, M. Gronli. The Art, Science, and Teelogy of Charcoal Production. Ind Eng Chem Res(24®3)
1619-1640.

1625 P. Sohi, E. Krull, E. Lopez-Capel, R. Bol. Cle:A Review of Biochar and Its Use and FunctioSoil.
Advances in Agronomy 105 (2010) 47-82.

183K ..A. Spokas, W.C. Koskinen, J.M. Baker, D.C. Reky. Impacts of woodchip biochar additions on gherise
gas productionand sorption/degradation of two fugalbs in a Minnesota soil. Chemosphere 77 (2009)58311.

184 R K. Sharma, M.R. Hajaligol. Effect of pyrolysisraitions on the formation of polycyclic aromatigdnocarbons
(PAHSs) from polyphenolic compounds. J Anal Appl #ly66 (2003) 123-144.

185 C. Branca, C. Di Blasi. Oxidation characteristéshars generated from wood impregnated with (N##)O4 and
(NH4)2S04. Thermochim. Acta 456 ( 2007) 120-127.

18 H. Abdullah, K.A. Mediaswanti, H. Wu. Biochar agael: 2. Significant Differences in Fuel QualitydaAsh
Properties of Biochars from Various Biomass Comptsmef Mallee Trees. Energ.Fuel 24 (2010) 1972-1979

167 C.E. Brewer, K. Schmidt-Rohr, J. A. Satrio, R.BBown, Characterization of biochar from fast pysityand
gasification systems. Env.Progr.Sustain. Enerd2P89) 386—396.

188 M. Keiluweit, P. S. Nico, M. G. Johnson, M. Kleb&ynamic Molecular Structure of Plant Biomass-Bed Black
Carbon (Biochar). Environ.Sci.Technol. 44 (20103 2-21253.

1893.W. Lee, M. Kidder, B.R. Evans, S. Paik, A.C. Baian IIl, C. T. Garten,R.C. Brown. Characterizatd
Biochars Produced from Cornstovers for Soil AmendtmEnviron.Sci.Technol. 44 (2010) 7970-7974.

103, D. Joseph, M. Camps-Arbestain, Y. Lin, P. Mun®eH. Chia, J. Hook, L. van Zwieten, S. Kimber,QGowie, B.
P. Singh, J. Lehmann, N. Foidl, R.J. Smernik, Aiionette. An investigation into the reactions afdhar in soil.
Australian Journal of Soil Research 48 (2010) 5055

1K..A. Spokas, J.M. Baker, D.C. Reicosky. Ethylenetential key for biochar amendment impacts. Panat Soil
333 (2010) 443-452.
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sequestratioh’® Volatility was structurally associated to aliphatiggions which are more labile
(remineralise faster) than aromatic regions andenabundant when pyrolysis is conducted at lower
temperature. This hypothesis requires a detaileaviedge of the molecular structure of bio-char to
be fully supported. Bio-char structure is descrilzesdbeing composed by amorphous structures,
turbostratic crystallites characterized by unordegeaphite-like layers and ordered graphene sheets.
Graphene dominium, aromaticity and microporosityegally increase with increasing temperature.
These domains are expected to behave differentlgnwsubjected to thermal stress, such as
pyrolysis. Therefore, FC and VM evaluation can gare idea of the amount of graphene like
material in the bio-char, that are considered nsteble carbon structure in the soil environment.
Beyond the fact that bio-char with highest FC valige probably most stable biochar, the type of
VM evolved is especially important for the evaloatiof medium-term stability of bio-char (e.g. 50
y), which is also linked to the stability of nonaghitic and aliphatic structures.

In these respect, analytical pyrolysis, and inipaldr Py-GC-MS, was suggested to be reliable
method for molecular investigation of the bio-clvafatilisable fraction. Py-GC-MS was largely
applied to the characterization of charcoal and fRn natural setup spanning a period of over
thousand years>'"*1"> py.GC-MS was also applied to investigate synthétiack carbon

476177 and possible non-combustion interferents of BC.

material
In the case of natural BC, pyrograms above 600 “@ewdominated by benzene, toluene,
benzonitrile, naphthalene, diphenyl, benzofurarhwitsimilar pattern in the 700-1200 °C interval.
This set of pyrolysis products was selected ascapof BC by Kaal et a’®'’* However,

compounds indicative of uncharred material, suckeasglucosan, could be still revealed at high

pyrolysis temperature. Although the presence dbaeylic acid groups could not be revealed by

172 A R. Zimmerman. Abiotic and Microbial Oxidation baboratory-Produced Black Carbon (Biochar).
Environ.Sci.Technol. 44 (2010) 1295-1301.

173 3. Kaal, S. Brodowski, J.A. Baldock, K.G.J Nierdp\. Corzisas. Characterisation of aged black eanising
pyrolysis-GC/MS, thermally assisted hydrolysis amethylation (THM), direct and cross-polarisatiorCl3uclear
magnetic resonance (DP/CP NMR) and the benzenapblgrylic acid (BPCA) method. Org.Geochem. 39 (2008
1415-1426.

174 3. Kaal, A.M Cortizas, K.G.J. Nierop. Charactetiaof aged charcoal using a coil probe pyroly3i8/MS method
optimised for black carbon. J.Anal.Appl.Pyrolysts (@009) 408-416

75 C. Nocentini, G. Certini, H. Knicker, O. Franciog Rumpel. Nature and reactivity of charcoal prceti and
added to soil during wildfire are particle-size dagent. Org.Geochem. 41 (2010) 682-689.

8 F J. Gonzales-Vila, P. Tinoco, G. Aimendros,F. fifaiPyrolysis-GC-MS analysis of the formation atehradation
stages of charred residues from lignocellulosiertaiss. J Agric Food Chem 49 (2001) 1128-113.

177 3.Z. Song, P. Peng, Characterisation of blackararbaterials by pyrolysis—gas chromatography—maessteometry
J.Anal.Appl.Pyrolysis, 87 (2010) 129-137.

178 3. Maria de la Rosa Arranz, F. J. Gonzalez-Vilapgez Capel, D.A.C. Manning, H. Knicke, J.A. GolezaPerez.
Structural properties of non-combustion-derivedaetbry organic matter which interfere with BC qtification.
J.Anal.Appl.Pyrolysis 85 (2009) 399-407.

179 3. Kaal, C Rumper. Can pyrolysis-GC/MS be usesstomate the degree of thermal alteration of btzarkon?
Org.Geochem 40 (2009)1179-1187.
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Py-GC-MS, the occurrence benzenecarboxylic aciceties in charcoal was definitively proved by
pyrolysis in the presence of a methylating reagént.

Noteworthy, the differences in the pyrolysate cosipan was very small between species (oak,
birch, legume) and relationships could be foundveen the proportion of black carbon products
(aromatic hydrocarbons and benzofurans) and uraiavreakly charred biomass (furans, pyrroles,
aldehydes, ketones, alkanes/alkenes), the fornoelupts increasing with increasing age.

The correspondence between the abundance of psrotysducts indicative of charred and
uncharred fraction was supported by a comparistim MMR analysis of natural (fires) charcdél.

In addition, it was suggested that the ratio of s@tkylated and non-alkylated pyrolysis products
could be indicative of charring intensity assodiate dealkylation following thermal impact. Most
of the research works on Py-GC-MS were conducted natural charcoal and BC, less
investigations were focused to synthetic char tadjeto agricultural application (bio-char).
uantitative approach was found useful to find retaghips with complementary techniques such as
NMR and chemical oxidatioH?

Therefore, in this chapter, Py-GC-MS was testegettrer with thermogravimetric analysis (TGA)
as fast method, in order to evaluate the structiira large number of synthetic bio-chars, for
agronomical application. Moreover The 1 years agingvater) of one bio-char was studied, and

Py-GC-MS was investigated as technique for theiptied of bio-char stability.

3.4.2. Experimental

3.4.2.10rigin of bio-char samples

The various bio-chars evaluated here were parhgbimg assessments into the impact of bio-char
additions on greenhouse gas production potentieggarch that is part of the USDA-ARS Bio-char
and Pyrolysis Initiative. The bio-char was acqdiiem various bio-char suppliers, entrepreneurs,
and research laboratories (see Acknowledgement®).Bib-char (BC-OHR) was aged one year in
water following published procedut&The chars had a range of 1 to 93% carbon; 1 to &%

0.1 to 7.5% nitrogen; and a range of pyrolysis terapres from 410 to 85C and residence times
(seconds to hours). This group provides a crostseseaf currently available bio-chars and ashes
from biomass utilization. Bio-char will be useddescribe these materials, even though

fundamentally they are not all are bio-chars, lauttain a mixture of ashes, charcoal, char and soot.

3.2.2.2 Ultimate and proximate analysis
Proximal (ASTM D3172) and ultimate analyses (ASTI416) were performed by Hazen
Research (Golden, CO USA) and Brunauer-Emmett-TE@IET) surface area (SA) analyses
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(ASTM D6556) were performed by the USGS (D. Rutheetf Boulder, CO USA) and Material
Synergy (Oxnard, CA USA). Ultimate and proximatelgsis of Bio-chars were kindly provided by
Dr. Kurt Spokas from United States Department ofi&dture.

3.4.2.3 Py-GC-MS

Py-GC-MS experiments were performed following threcedure described in chapter 3.1, with
different split ratio (1/50 instead of 1/200). Thepeatability of yields were evaluated by nine
replicate analyses of sample BC-OHR and result&iSD of 23% for total yields.

3.4.2.4 Structural evaluation of bio-char for pretion of medium-term degradation

Figure 3.4.1 shows the conceptual scheme of bioaaracterization. Biochar was characterized
by means of elemental analysis, then it was sudgjieitt heating to 900°C and the carbonaceous
(mass of residue minus the ash content) was reféoras fixed carbon. Volatile carbon was
calculated by the difference between carbon coraedtfixed carbon. Assignment of different
fractions of VM were performed by mean of GC detblt compounds identification. The same
relative proportions observed for GC detectabl®lygis products was assigned to the different
fractions (holocellulose, charred VM, lignin anddtk nitrogen” fraction) of VM evolved from

bio-char.

Figure 3.4.1: conceptual scheme used for bio-char characterizatio

Volatile Carbon

| GC

Holocellulose

Bio-Char Q00T

Charred Lignin

: Proteins ="black nitrogen”
Fixed carbon

3.4.2. Results and discussion
3.4.3.1. Characteristics of bio-char samples
Ultimate and proximate analyses of synthetic biarckamples are listed in Tables 3.4.1 and 3.4.2

along with BET surface areas (SA in Table 3.4.8.eéhcompass a wide interval comparable to
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literature data (RA Brown 2006) for synthetic ch&# tends to increase with increasing pyrolysis

temperature and char residence tife®°

Table 3.4.1:Biomass feedstock and elemental composition ofchiar samples. (Id.: Sample

identifiers).
ID F eedstock C H N O S
BC-OHR Hardwood sawdust’l 63.8 3.03 0.22 11.8 0.01
BE1 Hardwood sawdust’2 69.5 3.06 0.32 13.1 0.01
BEW 1 year aged wet BC-OHR 62.9 2.80 0.32 11.8 0.01
PB wood pellets 81 2.9 0.4 12 0.01
PG wood pellets 81 3.1 0.3 13 0.02
FGCE wood pellets 76 3.1 0.4 13 0.04
CE1l waste wood scrap gasifier 27.4 0.33 0.29 <0.01 1.24
CE3 wood pellets 77.6 2.96 0.39 11.3 0.05
CE2 wood pellets 82.9 1.70 0.42 4.1 0.03
Al wood waste 81.5 2.42 0.36 7.7 0.01
A2 wood waste 914 2.89 0.38 4.60 0.00
BC-19 distillers grain 68.6 4.81 7.52 6.6 0.96
BC-20 distillers grain 69.4 4.31 7.43 5.9 0.90
BC-21 corn cob 78.8 4.31 0.67 13.2 0.01
BC-22 corn cob 82.6 3.85 0.61 9.1 0.01
BC-23 wood waste 79.8 3.73 0.83 11.9 0.01
BC-24 wood waste 80.8 3.23 0.77 11.4 0.02
M1 corn stover 45.0 1.66 0.50 1.0 0.04
M2 pine wood chip 75.0 3.4 0.30 9.0 0.1
M3 peanut hull 59.0 2.3 2.70 12.0 0.2
M4 corn stover 25.0 11 0.60 5.0 0.04
M6 Pine chip 43.0 -- 2.20 11.0 --
(mixed with compost after
production)
M7 manure/woodchip 1.0 0.5 0.10 3.00 2.1
M8 Hardwood 69.0 2.4 0.70 9.00 0.02
M9 pine woodchip 71.0 3.3 0.20 11.0 0.1
M10 peanut hull 60.0 11 0.90 10.0 0.1
M11 corn stover 66.0 15 1.00 4.0 0.04
M12 corn stover 51.0 0.9 1.00 0.00 0.04
M13 cocunut shell 87.9 0.06 0.40 <0.01 0.65
BC-16 Hardwood 56.9 2.77 0.41 10.5 0.41
BC-17 Mixed wood chips/manure 71.1 3.44 0.11 20.6 0.01
BC-18 macadamia nut shells 93.1 2.56 0.67 1.7 0.02

two replicas of bio-char obtained from the same|yger and feedstock

However, total SA is not sufficiently indicative ridhermal reactivity (e.g. gasification) as it

includes SA from micropores which probably do nattigipate in reaction¥*

180R.A. Brown, A.K. Kercher, T.H. Nguyen, D.C. NagW,P. Bal. Production and characterization of sgtithwood
chars for use as surrogates for natural sorbenggan@ Geochemistry 37 (2006) 321-333.
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Table 3.4.2: Surface area (SA, Tg'), water content (bD, weight %), volatile matter (VM,
weight %), fixed carbon (FC, weight %) and ash ghéPbo on dry weight basis).

# SA H20 VM FC Ash
BC-OHR 0.98 8.06 26.1 53 21.1
BE1 1.03 4.40 20.1 44 14.0
BEW 10.4 36.0 24.5 50 22.1
PB 92 5.12 29 67 3.9
PG 1.7 5.10 19 68 2.0
FGCE 0.3 5.00 30 63 7.5
CE1l 144 0.91 18.9 8.2 72.9
CES 3.08 4.83 27.7 65 7.66
CE2 73.8 6.79 15.1 83 10.8
Al 251 8.70 18.2 74 7.97
A2 106 1.33 15.2 84 1.038
BC-19 0.28 1.75 45.7 44 11.5
BC-20 0.28 1.97 37.6 50 11.9
BC-21 <0.10 2.93 33.2 64 2.92
BC-22 <0.10 3.07 24.8 71 3.84
BC-23 3.51 3.71 26.8 70 3.66
BC-24 26.8 3.57 23.7 73 3.71
M1 4.4 2.64 55.0
M2 0.1 5.25 6.00
M3 1 7.77 15.0
M4 4.2 2.69 69.0
M6 63.5 36 54.0
M7 4.8 3.87 60 89.0
M8 19.2 6.43 14.0
M9 0.2 7.15 9.0
M10 286 16.2 15.0
M11 17.3 5.29 13 54.0
M12 9.9 2.65 53 74.0
M13 960 5.45 1.84 85.2 13.0
BC-16 33.7 6.29 34.7 36.4 28.9
BC-17 66.3 3.31 34.8 60.5 4.77
BC-18 6.89 9.54 16.8 81.2 1.92

Char thermal reactivity is influenced by morphotadifeatures (e.g. micro/macropores), in turn

determined by the release of volatiles and henedsteck compositiona and process conditions,

181 C. Di Blasi. Modeling chemical and physical prazsof wood and biomass pyrolysis. Progress ingyremnd
Combustion Science 34 (2008) 47-90.
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with micropores predominating over macropores awspyrolysis*® Volatile matter (VM) ranged

from 1.8 to 45% and fixed carbon ranged from 184#o.
3.4.3.2 Py-GC-MS. Total yields.

Table 3.4.3. Pyrolysis products of bio-char and their predaminorigin: C, charred biomass; H

holocellulose; L, Lignin; P, proteins; S sulfur-¢aming compounds.

rt Structural attribution orig rt Structural attribution orig
min n min
1.15 methyl glyoxal H 10.07 Methylbenzofuran C
1.53 3-pentanone H 10.56  3-methyl-2,4(3H,5H)-furan H
1.79 acetic acid H 11.19 4-ethylphenol L
1.94 benzene C 11.37 naftalene C
2.5 2,5-dimethylfuran H 11.53 Benzotiophene S
3.42 pyrrole P 11.54 4-methylguaiacol L
3.52 toluene C 11.74 catechol L
3.73 acetoxyacetaldehyde H 11.84 4-vinylphenol L
3.77 2-methyl tiophene S 12.04 3,6:1,4-dianhydro H
glucopyranose
3.79 3-methyl thiophene S 12.22 Hydroxymethyl feaifu H
3.92 butanedial H 12.89 4-ethylguaiacol L
4.89 furaldehyde H 13.22 Indole P
5.42 ethylbenzene C 13.31 4-vinylguaiacol L
5.47 furfuryl alcohol H 13.38 ascopyrone-P H
5.59 m,p-xylene C 14.00 Syringol L
6.03 styrene C 14.04 eugenol L
6.07 o-xylene C 14.25 biphenyl C
6.9 2-ciclopentanedione H 14.6 Vanillin L
7.44 benzaldeide L 14.76 cis-iso-eugenol L
8.02 methylfufural H 15.28 4-methylsyringol L
8.08 phenol L 15.33 trans-isoeugenol L
8.13 benzofuran C 16.77 4-vinylsyringol L
8.22 4-hydroxy-5,6-diihydro-2- 4 55 4-allylsyringol L
pyranone
8.8 3 rl})l/?:gg;anterEg;Zyl H 17.90 4-(Z-propenyl) syringol L
8.98 2-hydroxybenzaldehyde L 18.40 4-(E-propemyiingol L
9.32 m-cresol L 18.92  4-hydroxy-2-methoxycinnam L
9.71 o,p-cresol L 19.29 acetosyringone L
9.76 guaiacol L 19.39 phenanthrene C
9.9 methylbenzofuran C 19.50 anthracene C
9.98 methylbenzofuran C

As expected from their different origin, bio-changples produced different pyrolysate pattern

when subjected to Py-GC-MS. Typical programs apgatied in Figure 3.4.2. A set of 61 pyrolysis
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products among the most abundant and representdthielogical precursors was selected for the

calculation of the yields (Table 3.4.3).

Figure 3.4.2: Total ion chromatograms from Py-GC-MS of bio-chamgples (a) BC-OHR , (b)M2,
(c) M6. (i.s.: internal standard, 5-propenylgualac®eak attribution: 1, benzene; 2, pyrrole; 3,
toluene; 4, furaldehyde; 5, methylpyrrole; 6, eligyizene; 7, m,p-xylene; 8, styrene; 9, phenol; 10,
p-cresol; 11, guaiacol; 12, methlbenzofurans; 18thlphenol; 14, naphthalene; 15, 4-
methylguaiacol; 16, indole; 17, methylnaphthalerd@&s;4-vinylguaiacol; 19, 4-methylsyringol; 20,
dibenzofuran; 21, vinylsyringol; 22, 4-propenylsyol; 23, phenanthrene.
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Py-GC-MS were run under the same operative comdifiseveral factors inherent to the sample

might influence the pyrolytic behaviour of bio-chauch as the presence of inorganic constituents
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and particle size. In the latter case, it was fotlnad coarse charcoal particles tend to be erdliaghe
aromatic hydrocarbons, while fine particles contaiare N- and O-sugar derived compouhds.
The effect of ash might be important for samples M4, M6, M7, M11 and M12 characterized by
a high ash content (> 50%). Chars M1, 4, 11, 12wdtained from the pyrolysis of corn stover in
accordance with literature data showing that cfrare corn stover and switchgrass are rich in ash
composed principally by silic&’

Given the above, total yields are reported in F8g8.4.3. Values spanned on a interval of three
order of magnitude wide, from 31 %0 (M9) down to 2dért per million (M7). The yields are
correlated with volatile matter (VM), while ther® mo correlation with fixed carbon (FC) and other

parameters (e.g. BET).

Figure 3.4.3:Yields of pyrolysis productsif / Giocha) from Py-GC-MS of bio-char samples
grouped by chemical families and origin (see T&xe2)
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3.4.3.3 Py-GC-MS. Molecular distribution.

Py-GC-MS provided information of the thermally daded products at a molecular level and
according to their possible origin as reported abl€ 3.4.3. Yields for each molecular family are
depicted in Figure 3.4.3.

Aliphatic hydrocarbons resulted minor products ih tae samples and were not quantified.
Aromatic hydrocarbons including PAHs were predomina the pyrolysates of bio-char samples,
M9 which exhibited higher levels of phenol derivas. Lignin phenols resulted an important group
of pyrolysis products owing to the origin from logellullosic feedstock. Pyrolysis products

deriving from holocellulose were detected as wellj(furans and anhydrosugars).
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An important factor in analytical pyrolysis is teelection of pyrolysis temperature. To this purpose
Kaal et al*"* have investigated the effect of pyrolysis tempeeabn the chemical composition of
sample pyrolysate. In the case of peat, at 406h&@mnolabile fractions (e.g. anhydrosugars and
lignin phenols) predominate as glycosidic bondscelfulose and ether-linkages between lignin
monomers are easily cleaved. A more complete dagoedof aliphatics and lignins occurred at
500 °C. The production of aromatic hydrocarbonsraased at 600-800 °C. Lignin phenols
decarboxylate, demethoxylate and eventually dehydiate with increased production of aromatic
hydrocarbons in concomitance with increasing chgrriwhile polysaccharide rearrangements
produces furans and probably naphthalenes. Kaaldfdabhe temperature of 700 °C as a good
balance to separate the effect of artificial clmyr{during the analysis) to that of pre-existing
charred material in the sample. A set temperatdr®@0® °C was selected in our study as
compromise between the comparison with VM and ieidif charring (depressed at lower
temperature). The set value of 900 °C corresporggioximately to 750 °C inside the platinum
filament as measured with a thermocouple.

Analysis by**C-NMR showed that synthetic char are highly aroosafover 81%), with a larger
aromaticity but with a lower degree of condensedstelr for slow pyrolysis than gasification,
explained by the dominant influence of pyrolysisnperature, but also residence time, while
partially charred biopolymers were not detecf&d.

The content of nutrients conserved in bio-char frartrient-rich feedstock (e.g. poultry litter) is a
important aspect in relation to agronomic applmadi The fate of nitrogen originally occurring in
the biomass depends on several factors and cawrbpletely lost by volatilization® although
slow pyrolysis conditions tend to conserve nitrogato the bio-chat®® Nitrogen containing
compounds indicative of proteins (indole, pyrrad@d chlorophyll pigments (pyrrole and alkylated
derivatives, these latter identified but not quiad) were revealed in relatively higher amount in
the pyrolysates of samples B19, B20 and M6 whiah eraracterized by a larger content of
elemental nitrogen. Pyrroles from chlorophyll aapidly destroyed!® thus probably proteins are
the main contributors. In the case of sample B1® BR0 the feedstock was dried distiller grain,
which is the solid residue after ethanol producfimm corn grain. M6 was a composite pine chip
bio-char + compost mixture. Therefore, this migtaontained both charred and biomass materials,
with corresponding higher nitrogen content. Nitneg®ntaining compounds may play an important

role in the degradability of charcoal as evidenfreth the pyrolysis of proteins and are probably

182 S. Krull, J.A. Baldock, J.0. Skjemstad, R.J. StiterCharateristic of biochar: Organo-chemical Rmies.
Biochat for environmental Management. Johannes deimnStephen Joseph edt. London 2009.

183 3. W. Gaskin, C. Steiner, K. Harris, K. C. DasBibens. Effect of Low-Temperature Pyrolysis Coiudlis on
Biochar for Agricultural Use. Transactions of th8 ABE. 51 (2008) 2061-2069.
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less degradable than celluld§é& However, pyrroles were probably prone to be degplaak these
compounds were not found in the pyrolysates ofamaiharcoat’?

Interestingly, methyltiophenes were clearly revdate sample CE1 despite the low total yields of
pyrolysate.This is in accordance to the relatively high lestlelemental sulfur. Methyltiophenes
were revealed in samples B19 and B20 as well, wBi#é was characterized by the presence of
benzotiophene. This finding may suggest the ocoogeof different form of sulfur in these
samples. Although sulfur was considered a proxgoot from fossil fuel/” its occurrence could be
significant in the pyrolysate of recent biomass.

The yields of each compound class were looselyetaigd with VM. Thus, samples with high VM
tends to generate higher amount of pyrolysis prtedaobaracteristic of both fresh (e.g. furans) or
aged biomass (e.g. benzofurans).

According to Kaal et al”>*"*benzene, toluene, benzonitrile, naphthalene, digh&enzofurane
are pyrolysis products that could be associatedifspaly to the charred fraction of charcoal.
Furans and pyrroles could be attributed to thetifvaovhich is only weakly charred. In our study,
aliphatic compounds eluting in the first region asfromatogram could be quantified, but these
compounds were not described by Kaal ét&t’#*"°

Following Kaal et al. indications, aromatic hydadoons (benzene, toluene, C2-benzenes,
naphthalene, phenanthrene, diphenyl) and benzafuvegre grouped into a single family of
compounds representing the charred fraction ofchar- (Table 3.4.3). The relative contribution of
the chemical group indicative of the charred fiactis presented in Figure 4 for each bio-char
sample in a descending order.

Bio-char with a high percentage of charred pyraywmioducts (> 80%, A2, BEW, BC-22, BC-23,
M1, M2, M3, M4, M11, M12, M13) could be cataloguad “high rank” charcoal, with pyrolytic
pattern similar to soot characterised by the emmssif aromatic hydrocarbons as most important
chemical species. These hydrocarbons could be #ilgrneleasable aromatic fragments linked to
larger sheets or pyrosynthesised as secondaryysisgiroducts from smaller molecules, such as
acetylene, evolved during the thermal re-orgaromatf immature sub-structures into turbostratic
crystallites.

Samples M6, M9, BC16, BC17, PG, FGCE with a lowartabution of charred pyrolysis products
resemble “low rank” charcoal, as they contain géaramount of oxygenated compounds, phenols
and furan derivatives. Samples BC19, BC20, M6 asdd pyrolysates characterised by nitrogen-
containing pyrolysis products indicative of protein accordance to their origin and high N/C ratio.

184 4. Knicker, J.0. Skjemstad. Nature of organic carnd nitrogen in physically protected organictarasf some
Australian soils as revealed by solid-state 13C s NMR spectroscopy. Australian Journal of Sa@kBarch 38
(2000) 113-128.
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This finding could be an indication that nitrogemtaining moieties might be located in rather
degradable regions of the bio-char structure. Thia agreement with the observation by Kincker
2010 regarding a higher stability of char produfredh cellulose than char produced by proteins.
According to Kaal and Rumpfé® the degree of de-alkylation might be a proxy oérthal
alteration. Dealkylation can be estimated from R§-K8S from the ratio of parent/alkylated
compound, such as benzene/toluene (B/T) ratio.r8tids were calculated from the pyrolysates of
bio-char samples. The samples exhibited a largahiaty with high values (B/T > 6, sample M10)
and low values (B/T < 0.5, samples BC-22). In geahdhe B/T ratio, i.e. dealkylation, tends to
increase with decreasing overall yields and witbreasing the relative abundance of pyrolysis
products indicative of charring.

Bio-char from corn stover (M4, M11, M12, M1) werbtained at different pyrolysis temperatures
(410, 505, 515, 815 °C respectively). The yieldspgfolysis products tended to decrease with
increasing temperature (12000, 6700, 1900, 266@Q respectively), however the B/T ratio
decreased whereas the % of black carbon pyrolysthupts was similar and very high (> 90%).
Bio-char A1 and A2 produced from wood waste at tliferent pyrolysis temperatures (475 and
550 °C, respectively) gave pyrolysates with simyli@lds and B/T ratios, but a different percentage

of black carbon products due to a higher amoufignoin phenols in Al.

3.4.3.4 Py-GC-MS Study of reactivity of bio-chasail

Py-GC-MS was applied to investigate in detail tliedradation rate” of different fractions, by
analysis of respective markers evolved by analyfigaolysis. This can help to establish links
between markers and corresponding fractions witerént degradability.

In order to establish the short term degradatio@ oé different fractions (which produce different
pyrolytic markers) hardwood biochar obtained aD*&D(BC-0HR) was aged 1 year in the soil, and
the pyrolitic pattern of sample aged in soils (BEWAs compared with that obtained from fresh
BC-OHR Table 3.4.4 shows the mass yield of pyislpsoduct evolved.

As consequence of aging VM of sample decreased fi@¥% C/Gampe t0 15% C/Gample
corresponding to the 16% degradation of volatilétenan 1 y.

A decrease similar to that observed for VM was tbtor overall Py-GC-MS detectable yields.
Almost all absolute yields (with exception of phkraesols, hydroxyacetone, biphenyl and methyl
glyoxal) are decreased in the sample obtained aftggar soil incubation, in agreement with the
progressive degradation of fractions that can predsC detectable product (and then in agreement
with VM degradation). Interestingly, increase ofrearomatic oxygenated yield can be explained

by means of oxidation of charred bio-char and fatron of hydroxyls on the surface.
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Table 3.4.4: Change in Py-GC-MS vyield of pyrolysis products (egsed asig per gram of
carbon) from fresh BC-OHR (hardwood sawdust biorat#ained at 500°C) sample and from the

same sample incubated for 1 year (BEW). (meantdente interval witlu=0.05)

markers BC-OHR BEW Degradation ~ Average
To Ty Rate lifetime
pgoCt  uggC* y y
Charred 1896+5771714+567 0.10 >10
Lignin 1656+382 1081+347 0.35 3
Pyrrole 4.5+1 3.9+1 0.13 8
Holocellulose 187453 96+4 0.49 2
> Quantifyed 3709 2802

Yields of compounds typical of carbohydrate pyrayslike — furfuryl alcohol and 2-
cyclopentanedione or hydroxymethylfurfural, werdvild in the pyrolysis of 1 year old bio-char,
indicating a relatively fast degradation of theldekic derived fraction, although slower than that
observable for pure cellulose ( that is entirelgrdeled with a degradation rate of 0.98.3° Also
lignin derived pyrolysis products from aged samyikdd were lower than in fresh one (-35% on
average), even if a short time span was considered.

On the other hand, charred fragments (toluene nzdyee) showed a little but significant decrease
(10%) in the 1 year aged bio-char, confirming ttietre is a large fraction of bio-char which are
volatilizable and breakable by thermal degradationt are relatively stable in environmental
conditions. Finally, it is interesting to noticeathpyrrole (representative of nitrogen containing
moieties and residual proteins in the char) redtatiecrease in 1 y was 13%. This indicate that the
nitrogen containg fractions of bio-char (a sort‘lefack nitrogen”) can contribute substantially to
the short term stability of the material, but atsmgests the potential application of bio-char 8ase
fertilizers with controlled release of the nutrignt

Summarizing, on the basis of obtained on 1 yeangagf bio-char, it is possible to confirm that
lignin and cellulose like fractions of bio-char sf®a short degradation rate similar to typical
biomass refractory macromolecules ( e.g. resigpamt material 0.3 §), whereas charred VM
(substance that are thermal breakable but chaizedeloy aromatic structures)and “black nitrogen”

structures are relatively more refractory to themltal and biological attacks.

185).A. Baldock, R.J. Smernik. Chemical compositiod hipavailability of thermally altered Pinus ressiao(Red pine)
wood. Organic Geochemistry 33 (2002) 1093-1109

73



3.4.3.5 Prediction of long term stability.

Evaluation of volatile matter (VM) and fixed carbemount (FC) in biochar samples is usually
proposed as the simplest method for the evaluatidsio-char stability:’? This method gives an
idea of the amount of graphene like material in kfeechar, that are considered among the most
stable carbon structure in  soil environment. Belythe fact that bio-char samples with higher FC
values are the most stable biochar, the type of ®Wlved is especially important for the
evaluation of medium-term stability of bio-charge50 y), which is also linked to the stability of
non-graphitic and aliphatic structures.

As shown in previous paragraphs, Py-GC-MS cambeaged as a method for the investigation of
the chemical nature of VM and then it can be usgaredict VM environmental stability.

For this reason, FC data and Py-GC-MS techniguesoraoe representative bio-chars were used for
obtain a global picture of the chemical nature affematerial. In fact, by coupling VM and FC
data, elemental analysis and Py-GC-MS, bio-charbmamationalized as non volatile matter (non
breakable at 900°C and considered ultra-stabldidra®f bio-char), degradable matter (volatile
matter with aliphatic character) and matter wittermediate stability (charred volatile matter).
Figure 3.4.4 shows the semi-quantitative analykdifterent fractions performed by coupling FC
results and quantitative evaluation of differgmtet of VM by means of semi-quantitative (relative

abundances) analysis of pyrolysis products.

Figure 3.4.4: Quantitative evaluation of fractions with diffetedegradability, characterized by
means of coupled Py-GC-MS, FC and elemental arsatizdia.
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Different degradation rates were then assignedath draction. Degradation rate of ultra-stable
fraction (FC content) can be considered equal @t tbserved for archaeological charcoals
(K¢=0.002 y* in temperate climates§®in which only in resistant fraction remained.

In order to have an approximate idea of the stgbilhe degradation ratio observed for different
VM markers in 1 year aging (paragraph 3.4.3.4) lbarused to predict the mineralization rate of
charred VM, lignin like material, holocellulose dikmaterial and “proteins derived” compounds
(Kg= 0.1 y:0.35 y:: 0.5 y*; 0.12 y'respectively)®’188

By these assumptions, it is possible to attempt@gh prediction of bio-char stability over mid-
term period (100 y). According to the chemical casipon shown in Figure 3.4.4, on the 100 y
time span, bio-char could retain around 80% ofahitarbon. Stability calculated by inclusion of
VM (identified from Py-GC-MS) resulted significaythigher than that obtained using only FC
evaluation, and this because this type of datapreéation take into account also non graphitized
but stable material, that give a contribute to fiechar stability over medium time span (first 50
years), that is especially relevant for actual GHi@ategies. From the results obtained for most of
the bio-char samples, about 70-90% ob bio-charorarb stable, under environmental conditions,
for more than 50 y. On this time span, most dedr@ddio-char were those rich in nitrogen

(distiller grains) or deriving from wood waste wiiigh ash content.

3.4.4 Conclusions

Py-GC-MS was demonstrated to be a very usefulftmdhst investigation of bio-char structural
features. The knowledge of the molecular structi@etuced from the chemical composition of the
pyrolysate can be applied for inferring the bi@ichktability.

In particular, quantitative Py-GC-MS enabled a toegtimate of the degradation rate of different
structural fractions . A comparison between thegravimetric data (fixed carbon and volatile
matter) and Py-GC-MS data suggested that the mlalestiucture, and then the degree of bio-char
stability is largely influenced by the starting m¥a&l. Therefore Py-GC-MS could be proposed as
method to check the quality of bio-char beforegb application.

186 C-H. Cheng, J. Lehmann, M.H. Engelhard. Naturadation of black carbon in soils: Changes in molacéorm
and surface charge along a climosequence. Geoch#hiCosmochimica Acta 72 (2008) 1598-1610.

187D.S. Jenkinson. The turnover of organic carbonritrdgen in soil. Phil. Trans. R. Soc. Lond. B932990) 361-
368.

188 A, Hilscher, H. Knicker. Carbon and nitrogen degion on molecular scale of grass-derived pyragerganic
material during 28 months of incubation in soilil®ology & Biochemistry 43 (2011) 261-270
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3.5. Direct in-situ catalytic pyrolysis of biomass: catalyst screening by
Py-GC-AED.

3.5.1. Introduction

Raw biomass pyrolysis oil has low heating valuej argh water, acids and solid content. Over
time, reactivity of some components in the oil lead the formation of higher amount of larger
molecules that results in higher viscosity andléwsr combustiort®® For these reasons, amsitu

or downstream upgrading process could be beneficial

In searching for a moderate improve of stabibity,alternative strategy consists to perform a sligh
chemical modification of the pyrolysis oil avoidiagarge decrease in its yields. The target is to
enable storage, transportation and use of pyrobysas energy carriers for electricity and heat
production.

The following strategies could be envisaged to phigpose:

» Decrease in viscosity, dis-homogeneity and cokielgalviour (e.g. during combustion or up-
grading) of the liquid products: by fractional rewabof bio-oil high boiling constituents or
by cracking of larger molecular constituents (&ig-oil HM fraction) to smaller and stable
fragments. As shown by Gayubutal., removal of HM can be achieved by on line thermal
fractionation, producing bio-oil formed by lighteompounds (in that case immediately
upgraded to aromatics over ZSM-5) and pyrolytiailigas by-product’® On the other
hand, whereas the aim is to maximize liquid yieltalytic cracking could be a way for
direct conversion of HM to lighter compounds.

» Partial de-oxygenation of pyrolysis products byngtiation of oxygen as carbon monoxide
and carbon dioxid&* Oxygen removal as carbon dioxide or carbon morekittinsically
de-functionalizes reactive acids and aldehydes,elih@nation of oxygen as water could
involve the formation of more reactive double bahdempounds and could form a less
stable oil. Moreover, increased water productiomélyydration reactions reduce

homogeneity of bio-oil due to phase separation.

189A. Oasmaa, S. Czernik. Fuel Oil Quality of Biom&gsolysis Oils-State of the Art for the End Usdfserg.Fuel 13
(1999) 914-921.

10 A.G. Gayubo, B. Valle, A.T. Aguayo, M. Olazar Bllbao. Pyrolytic lignin removal for the valorizati of biomass
pyrolysis crude bio-oil by catalytic transformatiah Chem. Technol. Biotech. 85 (2010) 132-144.

1y, Lin, G. W. Huber. The critical role of heteragm®us catalysis in lignocellulosic biomass ConweersEnergy
Environ. Sci. 2 (2009) 68-80.
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* Increase in “solvent-like” compounds which redugeiag, improve homogeneity, decrease
the viscosity and density, and increase the heathge of pyrolysis liquid$?****The
disadvantage is that an increase in low boilinghporganics lower the flash point, with
more handling problems.

A large body of literature data on the catalyticfpenance of various active solids on bio-oil
characteristics has been acquired by means ofdmatlytical and bench scale
reactors.>#195:196.197,198,199,200,201,202,203,204, 202006208\ o ertheless, the results are difficult to
compare because of the variety of adopted expetaheonditions, such as different feedstock
types, reactor configurations and bio-oil methosied in bio-oil characterization.

On-line pyrolysis, with the pyrolyzer directly imtaced to GC-MS systems, is a well assessed
technique to investigate the effect of a large neinab catalysts on the pyrolytic behaviour of

biomass on a molecular ba$i&?*°Nevertheless, as shown in chapter 3.1, is diffimubbtain good

192 A, Oasmaa, E. Kuoppala, J. F. Selin, S. Gustofar8austa. Fast Pyrolysis of Forestry ResidueRine. 4.
Improvement of the Product Quality by Solvent Adxdit Energ.Fuel 18 (2004) 1578-1583.

1933, P. Diebold, S. Czernik, Additives To Lower @tdbilize the Viscosity of Pyrolysis Oils duringo&ige,
Energ.Fuel, 11 (1997) 1081-1091.

194 3. Adam, M. Blazso, E. Mészéaros, M. Stécker, MNHsen, A. Bouzga, J. E. Hustad, M. Grenli, G. @grolysis
of biomass in the presence of AI-MCM-41 type cattdyFuel 84 (2005) 1494-1502.

19 M.H. Nielsen, E. Antonakou, A. Bouzga, A. LappésMathisen, M. Stocker. Investigation of the effe metal
sites in Me—AI-MCM-41 (Me = Fe, Cu or Zn) on thealstic behavior during the pyrolysis of wooden &adiomass,
Micropor. Mesopor. Mat. 105 (2007) 189-203.

1% E. Antonakou, A. Lappas, Merete H. Nilsen , A. Bga, M. Stécker. Evaluation of various types ofMGM-41
materials as catalysts in biomass pyrolysis foptfaeluction of bio-fuels and chemicals. Fuel 850@02202-2212.
197F, Ates, M. $ikdag, Influence of temperature and alumina catalyspynolysis of corncob, Fuel 88 (2009) 1991-
1997.

198 3. Chattopadhyay, C. Kim, R. Kim, D. Pak. Thernasimetric study on pyrolysis of biomass with Cl2Z8i3
catalysts. J. Ind. Eng. Chem. 15 (2009) 72-76

199 . Qiang, L. Wen-zhi, Z. Dong, Z. Xi-feng, Analyéitpyrolysis—gas chromatography/mass spectromeiy (
GC/MS) of sawdust with Al/SBA-15 catalysts, J. Anappl. Pyrol. 84 (2009) 131.

20 A, Khelfa, V. Sharypov, G. Finqueneisel, J. V. WelCatalytic pyrolysis and gasification of Misdamé Giganteus:
Haematite (Fgs) a versatile catalyst. J. Anal. Appl. Pyrol. 89@2) 84-88.

21 A Pattiya, J. O. Titiloye, A.V. Bridgwater. Fgsgrolysis of cassava rhizome in the presence aflysts. J. Anal.
Appl. Pyrol. 81 (2008) 72-79.

202 J. Nowakowski, J. M. Jones, R. M. D. BrydsonBARoss. Potassium catalysis in the pyrolysis biela of short
rotation willow coppice, Fuel 86 (2007) 2389-2402.

23F Ates, A. E. Putun, E. Putun. Fixed bed pyralysiEuphorbia rigida with different catalysts. EmeConvers. and
Manage. 46 (2005) 421-432.

294D, Gullu. Effect of catalyst on yield of liquid gucts from biomass via pyrolysis. Energy sour2652003) 753-
765.

253, Yorgun, Y. ESimsek. Catalytic pyrolysis ofliscanthusgiganteus over activated alumina, Bioresource fiech
99 (2008) 8095-8100.

28 A, Pattiyaa, J. O. Titiloye, A.V. Bridgwater. Evation of catalytic pyrolysis of cassava rhizomepbipcipal
component analysis. Fué9 (2010) 244-253.

2078 B. Uzun, N. Sariglu. Rapid and catalytic pyrolysis of corn stalkaeFProcess. Technol. 90 (2009) 705-716.
208 3. Adam, E. Antonakou, A. Lappas, M. Stocker, Miilsen, A. Bouzga, J.E. Hustad, G. @ye. In sittalyic
upgrading of biomass derived fast pyrolysis vapauies fixed bed reactor using mesoporous mateffidils.opor
Mesopor, Mat. 96 (2006) 93-101.

29D, J. Nowakowski, J. M. Jones, R. M. D. BrydsorB ARoss. Potassium catalysis in the pyrolysis biela of short
rotation willow coppice. Fuel 86 (2007) 2389-2402.
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mass balance by using only GC-MS systems. On thgary, GC-AED system allows
guantification (in term of yield of analyzed elen®rof a large number of compounds without time

consuming calibration and for this reason it wasdus study of biomass catalytic
211,212,213

pyrolysis:
By means of GC-AED it is possible to obtain resohsyields and elemental composition of
pyrolysis oil with minimal work up. For this reasanis a useful technique for comparing a large
number of catalytically active materials. In praxsovorks dealing with Py-GC-AED applied to
catalytic pyrolysis, ZnO, MgO, dolomite and limastowere tested as secondary catalysts. No
increase in GC products yields was observed. Vighatdopted experimental procedure it was not
possible to distinguish between heavy un-detectadmepounds and loss for coking onto catalyst
(placed downstream in the GC inlet). Neverthelssale up with ZnO catalysis showed that it is
possible to improve the stability of bio-oil alsp imild catalysis over cheap materi&ts?1#213.214
The aim of the present work was to perform a syatenscreening study on a large variety of
catalysts by Py-GC-AED to assess their activitgatalytic pyrolysis of biomass. Among the
various elements detectable by AED detection, ttem@on was focused on quantitative

determination of elemental carbon in order to eatdwyields of main pyrolysis fractions .

3.5.2. Materials and methods

3.5.2.1 Biomass and catalysts

Pine sawdust used for the experiments was the seee in VTT (technical research center of
Finland) 20 kg H process development unit (PDU) and VTT 1 Kgdyrolyser (bench scale). For
analytical pyrolysis, the pine sawdust sample waslgd and sieved to particle size of 0.105-0.125
mm and analyzed for major elements. Its compositi@s: 52% carbon, 42% oxygen, 6.2%
hydrogen, 0.1% nitrogen, and 0.3% ash.

Catalysts used in this study are listed Table Jatthg with a short description of main properties
H-ZSM-5 was purchased form PQ corporation Valfan dxide, zirconium oxide and H-Mordenite
catalysts from BDH (Poole, UK, BDH-29881), ¥8i0O, from Harshaw Chemie BV, bulk metal

oxides from Merck.

Z0F Ates, A. E. Putun, E. Putun. Fixed bed pyralysiEuphorbia rigida with different catalysts. EmeConvers. and
Manage. 46 (2005) 421-432.

ZHR. Aléna, P. Oesch, E. Kuoppala. Py-GC/AED studieshe thermochemical behavior of softwood. J.|AAppI.
Pyrol. 35 (1995) 259-265.

Z12\1. Nokkosmaki, A. Krause, E. Leppamékim, E. Kuoppa# novel test method for catalysts in the treatinod
biomass pyrolysis oil, Catal. Today 45 (1998) 408-4

23 M. Nokkosméki; E. Kuoppala, E. Leppaméki, A. Kraus novel test method for cracking catalysts, dalAAppl.
Pyrol. 44 (1998) 193-204.

2% M. Nokkosméki; E. Kuoppala, E. Leppamaki, A. Krau€atalytic conversion of biomass pyrolysis vapawith
zinc oxide. J. Anal. Appl. Pyrol. 55 (2000) 119-131
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Table 3.5.1: Catalysts characterization.

Description BET AREA (nf g*)
AI¥ISIO, MCM-41 970
si/Sio, MCM-41 390
Fe'/Sio, MCM-41 770
Mo®/SiO, MCM-41 810
Co”/SiO; MCM-41 1200
Ti*"/SiO, MCM-41 450
Zn'/Sio, Amorphous 450
CU/SIiO, Amorphous 500
Zr*ISio, MCM-41 650
Sio, MCM-41 640
Co™/Al 05 10% Cd", acidic AbOs 160
Col/SiO, 30% C48 110
ZrO, Commercial catalyst 220
SnG, Commercial catalyst 9
CaO bulk CaCQ; Calcined at 900°C 70
ZnO bulk Bulk Metal oxide n‘a
Fe,03 bulk Bulk Metal oxide n&
CuO bulk Bulk Metal oxide na
MoOs bulk Bulk Metal oxide na
TiO, bulk Bulk Metal oxide n&
WO; bulk Bulk Metal oxide na
MgO Bulk Metal oxide n&
Hydrotalcite Calcined clay 170 *9°
Montmorillonite Calcined clay 67 [9°
H-ZSM-5 Commercial catalyst 420
Si/Al 150
H-Mordenite Commercial catalyst 460
MS-1 Cu/Zn/Zr on AJO3 94
16/15/5.9 % Cu,Zn,Zr content
MS-2 Fe/Zn/Cu mixed oxides 130
64/5.1/1.2 % Fe,Zn,Cu content
MS-3 Fe/Cu/Al/Zn mixed oxides 300
45/1.5/5.7/4.5 % Fe,Cu,Al,Zn content

MS-4 Coon Zr@ 30 % Co 10
MS-5 Cuon ZrG30 % Cu 10

%data from literature referen8pure commercial (form Merck) metal oxide, used aspased

3.5.2.2Synthesis of catalysts(MS-n and MCM-41)

Ca®'/Al,O; was prepared by incipient wetness impregnatiompuwlox support (from Condea),
dried under vacuum and impregnated with a Cgfpl@olution. The catalyst was dried in a
rotavapor under vacuum at 40-50°C and thereaftemneal in air flow at 300°C .
Cu-ZnO-ZrQ/Al,03 catalyst denoted as MS-1 was prepared by impregntte active

components onto a high surface areg0Al Alumina support was dried in vacuum at 80°C and
impregnated at 80°C with a solution of zirconiurtrate. The impregnated support was dried in

25 M. B. de Carvalho, J. Pires, A.P. Carvalho. Chrésation of clays and aluminium pillared claysagjsorption of
probe molecules. Microporous Mater. 6 (1996) 65-77.

193, Shen, M. Tu, C. Hu. Structural and Surface ARxde Properties of Hydrotalcite-Derived MgAIO Oxd@alcined
at Varying Temperatures. J. Solid State Chem. 19%g) 295-301.
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vacuum at 8%C for 3 hours, in air at 12Q overnight and then calcined in air at 7D@or 2 hours.
This modified support was co-impregnated three $imih a hot 80°C solution of Cu and Zn
nitrates. The catalyst was dried and calcined @tG%between the repeated impregnations carried
out as described above.

Fe-Zn-Cu and Fe-Cu-Zn-Al catalyst denoted as M&&MS-3 were prepared following the
preparation procedure of et al?*”. Solutions with mixed metal of metal nitrates @/ep-
precipitated at 8T at pH of 7 using ammonium hydrogen carbonate.prheipitate was filtered,
washed with water and ethanol, and dried af@10r 12 hours. Finally, the material was calcined
in air at 408C (with 1°C min* heating rate) for 4 hours.

Co/ZrO, and Cu/ZrO2 catalysts denoted as MS-4 and MS-5 pregared by re-precipitation
following the guidelines by Saito et &t°. A mixed solution of Cu and Zr nitrates (total alet
concentration 1 M) and an aqueous solution o0, NaOH, NHHCO; or NH; (1,1 M) were
added dropwise to distilled water at®80at pH of 7. The precipitate was aged 0.5 h, cbdtavn to
room temperature, filtered and washed with distiliater. The precipitates were dried in air at
120°C overnight and calcined in air at 3&0for 2 hours.

The synthesis of SiChigh surface mesoporous materials (MCM-41) wasculeed in detalil
elsewher&™. In a typical procedure, a weighed amount of me#l (4.4 mMol of metal) was added
into 120 ml of an aqueous solution of hexadecyktimylammonium bromide (2.4 g) until complete
dissolution. The solution was magnetically stirfed2 hours and then 10 ml of tetraethoxysilane
(44 mMol Si) were added under mixing avoiding any stratificatdbthe monomer over the
solution. Hence, 8 ml of 30% NH$olution were added dropwise to the reaction méetuinder
vigorous magnetic stirring. As soon as the addiatbammonia terminated, the reaction vessel was
transferred into a IKA KS 260 basic oscillator gaalycondensation was conducted for 72 hours
under horizontal laminar shaking at 50 rpm. Theigighlly formed from the reaction mixture
turned into a white solid that was filtered andrthahly washed with de-ionized water. The solid
was dried overnight under vacuum at 100 °C, crustitda mortar and heated for 1 hour at 500° C
under nitrogen flow (1.5 | mif) by means of a 800 ml quartz reactor. Finallyghey solid

obtained was calcined at 550°C for 5 h. The rasgikiolid was subjected to characterization and

pyrolysis experiments.

273, Li, S. Krishnamoorhy, A. Li, G.D. Meitzner, Biglesia. Promoted Iron-Based Catalysts for theli&s-Tropsch
Synthesis: Design, Synthesis, Site Densities, atdl@ic Properties. J. Catal. 206 (2002) 202-217.

2%\, Saito, T. Fuijitani, M. Takeuchi, T. Watanabe vB®pment of copper/zinc oxide-based multicompomeatelysts
for methanol synthesis from carbon dioxide and bgdn. Appl. Catal. A: General 138 (1996) 311-318.

29, Torri, I.G. Lesci and D. Fabbri. Analytical diuon the pyrolytic behaviour of cellulose in thegence of MCM-
41 mesoporous materials. J. Anal. Appl. Pyrol. 3500) 192-196.
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3.5.2.3Characterisation of catalysts

In order to establish the MCM-41 structure, the gewX-ray patterns of silica based materials
were recorded using a Philips XCelerator diffraatten with Cu Kx radiation A = 1.5418 A) and a

Ni filter. The samples were scanned fof Zingles between 1° and 15°, with a resolution 020.
The lattice and the peak profile parameters wemuaeted using Highscore software. The N
adsorption-desorption isotherm of the Si@aterials was collected on Carlo Erba Sorpty 1at507

K. Prior to the measurement, the calcined samptee Wegassed at 120°C until a stable vacuum of
about 5 mTorr was reached. The specific surfaca a&s assessed using the Brunauer Emmett
Teller (BET) method from adsorption data. All cgsas but CE#SiO, and CaO were activated in air
at 600°C over night, and all catalysts were stomedksiccator prior to use.

3.5.2.4 Py-GC-AED

Figure 3.5.1 shows the analytical procedure usedridine Py-GC-AEDThe apparatus employed
for Py-GC-AEDexperiments was described in detail in chapter8d elsewher&:!#1%%13

The pyrolysis unit was a CDS Pyroprobe 1000 pyerysonnected to a HP 5890 Series Il gas
chromatograph, and detection was carried out withH® 5921A inductively coupled plasma-

atomic emission detector (MIP-AED).

Figure 3.5.1: Graphical scheme of the analytical procedure us#te determination of carbon

distribution among pyrolysis fractions.

»| Csr Solid residue

Pyrolysis
N c":‘ Chm= Csample '(CSR+Cgas+ Cv+CSV)
= ! T — )
Non volatile
Chio-oil
| GC-ICP-AED: Csv =2 Semi-volatile
> \ Cv =2Volatile
Cgas=>Gas

Py-GC-AED analytical procedure was explained inailein chapter 3.1. The results were
summarized by distinguishing pyrolysis productsoadmng to their volatility. Retention time was
used as reference to discriminate gaseous (&t pt 2.6 min), volatile (4 min>RT>2.6 min), and
others semi-volatile GC detectable compounds (Rii#4). The yield of the solid residue was

evaluated at the end of the complete run in thievahg way: the interface was cooled down, the
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guartz tube was removed from the probe and weigheeh, the sample was treated in muffle oven
at 550 °C for 5 h and re-weighed. The weight d&ifee before and after burning in the muffle
gave the mass yield of the solid residue that sporded to the yield on a carbon basis (i.e. solid
residue was assumed to be composed of nearly puverg. Carbon yield of HM ( accounting for
pyrolytic lignin and WSHM) was calculated by difégrce between 100% and sum of carbon yield
of gas, volatile, semi-volatile and solid residWhen copper containing catalysts were used,
carbothermal reduction of CuO (as well as oxidatboopper in the muffle) was considered in the
calculations and complete reduction of copper oxdeyrolysis conditions was assumed. When
C0°/SiO, commercial catalyst was used complete oxidatioeatfalt during the burning of solid

residue in the oven was considered for calculations

3.5.2.5 Bench scale pyrolysis and characterizatiblquid product

VTT bench scale fluidized bed pyrolysis equipmdnkg h') was used to produce bio-oil from pine
sawdust. The results from the bench scale systam @oenpared with the results obtained with the
Py-GC-MIP-AED system. Pine sawdust samples (saree fos analytical equipment) with particle
size of 550 — 92@m were used. The experiment was performed at 52BittCa vapor residence
time of 0.8 s. Nitrogen was used as the fluidizyag and aluminum oxide as inert fluidizing agent.
Char formed during pyrolysis was removed from tbedutgoing flow by two cyclones.

Afterwards the cyclones the vapors were cooledmanail was collected in two liquid condensers
and an electrostatic precipitator.

After the experiments the amount of char and liquimducts were measured by weighing.
Pyrolysis gases (CO, G{H,, C;-Cs-hydrocarbons) were collected in gas sampling ésdluring

the experiment and the composition of the gasesweasured after the experiment by GC analysis.
The chemical composition of the liquid product wiasermined with the solvent fractionation
scheme of bio-oil, described more in detail elseefi® Carbon yields were obtained for the gas,
char, GC detectable bio-oil (volatile and semi-titdacompounds) and heavy bio-oil (WSHM and
pyrolytic lignin). The carbon yield for gas was kaalculated from the molecular composition
measured by GC analysis. Carbon yield of GC ddteetzio-oil compounds was obtained by GC-
MIP-AED analysis of pure bio-oil, performed by iofg ul of pure bio-oil (homogenized before
the sampling) in the Py-GC interface in the sammeditan used for analytical pyrolysis. The carbon
yield for char, WSHM and pyrolytic lignin was detaned by analyzing the carbon content of each

fraction.

220 A Oasmaa, E. Kuoppala. Solvent Fractionation Metwith Brix for Rapid Characterization of Wood Fas
Pyrolysis Liquids. Energ.Fuel 22 (2008) 4245-4248
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3.5.3. Results and discussion

3.5.3.1 Comparison of micro-scale system pyrolystis bench scale reactor

In order to confirm the validity of Py-GC-AED forcieening oriented studies, a comparison
between results obtained with micro-scale equipnasm bench scale pyrolysis apparatus was
undertaken. The precision of the Py-GC-AED methas good, and relative standard deviation
(RSD) over 10 tests on pine sawdust was 5%. Figur@ shows the qualitative comparison of GC-
AED chromatograms obtained by injectingullof pyrolysis oil from pine sawdust in the Py-GC

interface and by performing analytical pyrolysistba same feedstock.

Figure 3.5.2: Comparison of the GC-MIP-AED chromatograms obtaibg injection of pyrolysis
oil (obtained by non-catalytic pyrolysis of pinenshust) and by analytical pyrolysis pine sawdust

without any catalyst.
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Chromatograms were similar, characterized by thestmwlatile bio-oil constituents (e.g.

hydroxyacetaldehyde, acetic acid and hydroxyacgtionthe early plot after gas peaks and then a
great number of partially overlapped peaks in t1Mmin retention time range, mainly formed by
pyrolysis products from cellulose, together withpital phenolics produced from lignin
degradation.

In order to compare the two systems from a qudivitgoint of view, it was assumed that the non-
volatile pyrolysis products (HM) obtained from noscale Py-GC-AED system consisted of

pyrolytic lignin and heavy water-soluble fractiow$HM) of bio-oil. Furthermore, both solvent
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fractionation data and relative atomic compositiofigractions were used for obtaining carbon
yields from bench scale reactors. Figure 3.5.3 shoomparison of carbon yields obtained for gas,
GC bio-oil (volatile and semi-volatile GC-elutednegpounds), HM (not GC detectable matter) and
solid residue, here consideretiar carbon yield of bench scale reactor and totaldsodisidue

retained in quartz tube for Py-GC-AED system.

Figure 3.5.3: Comparison between the results obtained by th&é @yMIP-AED procedure and by

bench scale pyrolysis.
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Carbon yields of GC detectable matter and gas mdudaby analytical (25% and 12%) and bench
scale pyrolysis (26% and 11%) were similar. Howelagge differences were observed in solid
residue and HM carbon yields.

Results of comparison could be rationalized by m&sg that pyrolytic process, at 500°C, was
similar for both bench and analytical scale equipt®eesulting in similar product yields, but mass
flows were markedly different. Analytical Py-GC-ABAias characterized by higher vapour
residence time<(10 s) than bench scale reactor (0.8 s). In padical minimal fraction of helium
gas flow purge the inner volume of quartz tubedilivith biomass, hampering the fast removal of
high boiling point substances. Moreover, due tavsioheat transfer in fixed bed than in fluidized
bed, actual sample temperature should be lowdrarPy-GC system than in the bench scale
pyrolysis. For these reasons, in analytical pyislys higher fraction of HM is expected to be
retained into the quartz tube, and subsequentlgaokhis coked HM was clearly observable as a
black ring near the quartz tube opening at theafqyrolysis. In the experimental procedure used

there, coked HM ended up in the solid residue.
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In conclusion, overestimation of solid residue anderestimation of HM have to be considered
when extrapolating data to systems with better traasfer. Nevertheless, the established Py-GC-
AED procedure was adequate to provide a relialiepesison of catalyst activity on a relative

scale, for the purpose of screening and relativepazison among different catalysts.

3.5.3.2 Catalytic pyrolysis of pine sawdust: quaiite aspects

Effect of catalyst on the yields of different pysis products was screened at 500°C for 34 catalyst
selected among silica supported metal oxides, matde catalyst, bulk metal oxides, calcined
clays, fischer-tropsch catalysts (CofB4, Co/SiQ) and catalyst for methanol synthesis from

syngas (MS-n).

Figure 3.5.4: examples of py-GC-AED chromatogram obtained by rmatalytic pyrolysis,
catalytical pyrolysis with AI-MCM-41 with 1-1 bionsa-catalyst ratio (qualitatively similar activity
to other tested catalyst), H-ZSM-5 with 1-20 bi@sw@atalyst ratio, and CaO with 1-1 biomass-

catalyst ratio.
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The catalyst to biomass ratio used was 1-1, anddmparison pyrolysis with large excess of H-

ZSM-5 catalyst (1-20 ratio) was undertaken for cangmn. Among catalytic pyrolysis performed

with 1-1 catalyst-biomass ratio, the typical effetall tested catalyst but calcium oxide on the th

GC detectable pyrolysis product consist in a degéahigh molecular weight product and increase
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of product of sugars dehydration like furfural gdhoxymethyilfurfural or smaller fragments
originated from carbon-carbon bond rupture. Figlike4 shows, for example, the effect of Al-
MCM, with increase of dehydration product alreatdgerved by Adam et al. with a similar
system** In this case, poor or no effect were observedgmin pyrolysis product.

H-ZSM-5 used in large excess transformed the Hioytw aromatic products. Calcium oxide
caused a deep change in GC detectable produdistiog in an elimination of acetic acid peak and
a large increase in ketones (mainly acetone) ymlobably originated from base catalyzed ketonic

condensation of acetic acid.

4.2.3.3 Catalytic pyrolysis of pine sawdust: quiative analysis

A suite of catalysts belonging to different famsli@ere evaluated by analytical pyrolysis at 500°C.
Catalysts and pine sawdust were mechanically adhiixé&:1 biomass to catalyst mass ratio and
triplicate tests were performed for each catalystlds were determined on a elemental carbon
basis and mean values were reported in table 3Nean RSD for catalytic pyrolysis was 10%.
Concentration of HM in bio-oil (see below) was rdpd as well on a mass carbon basis.

As shown in figure 3.5.1, pyrolysis products weénaded into different categories on the basis of
their volatility: gas, GC detectable (further diedlinto a volatile and semi-volatile fraction), ron
volatile fraction (here called heavy matter or Hd#)id residue, consisting in the sum of char and
coked material (on catalyst on quartz tube). Vi@asemi-volatile and non-volatile products (HM)
collectively made up the bio-oil.

Pyrolysis of pine sawdust without catalyst produt2él yield of gas, 1.6% yield of volatile
compounds and 23% of semi-volatile compounds. Higield obtained by analytical pyrolysis
was 47%, and HM content of the bio-oil was 47%.

Among silica based high surface materials, .SE®/SiO,, F€*/SiO, and Zf*/Si0, caused a large
decrease of both bio-oil yields (from 47% to 19%%& 19% and 22%, respectively) and a
concurrent lower HM concentration in bio-oil. Itwsrth noting that despite some obvious
differences among the experimental systems, ymfldsajor products obtained using Siénd
Al**/SiO, mesoporous catalysts were similar to those obsdyyektamet al.in fixed bed bench
scale reactor with spruce wood and similar biontasatyst rati6’®. This could indicate that, when
HM yields approach to zero (as in fixed bed catalgyrolysis with high specific surface catalysts),
mass transfer differences become less criticahabanalytical and bench scale systems tend to

provide similar results.
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Table 3.5.2: Carbon yields (% Cl/Gmpie average value from triplicate analyses) of défer
fractions obtained by pyrolysis in presence of etéht catalysts (MS-n stands for methanol
synthesis catalyst).

Gas Volatile 5\, S. Residue ? HM Bio-oil HM
C/Csample C/Csample C/Cm@e C/Csample C/Cm@e C/Cm@e C/Cbio -oil

- 12 1.6 23 41 22 47 47
AlI**/SiO, 15 4.0 12 63 5.5 22 25
sn*/Sio, 11 2.6 9.0 51 27 38 70
Fe**/Sio, 18 3.6 8.7 63 6.7 19 35
Mo®*/SiO, 15 3.2 18 58 5.4 27 20
Co*'ISiO, 14 3.0 12 59 11 26 43
Ti*/SiO, 16 3.3 17 47 17 37 46
Zn'/SiO, 13 2.8 19 61 4.9 26 19
Cu“'/SiO, 15 2.4 12 56 15 29 51
Zr*'/sio, 16 4.0 14 62 3.8 22 18
SiO, 19 2.4 17 62 0 19 0
Co”'/Al,0; 14 3.3 24 59 0 27 0
Co/SiO, 14 2.0 16 57 11 29 37
Zr02 15 2.9 25 50 7 35 20
Sno, 14 2.8 24 54 5 32 16
CaO bulk 3.6 2.2 11 83 0.0 13 0
ZnO bulk 11 1.9 31 42 15 47 31
Fe,O3 bulk 13 2.2 31 42 11 44 25
CuO bulk 23¢9 3.0 30 279 16 49 33

(8.1)" (43)"
MoO; bulk 9.3 2.0 22 33 34 58 59
TiO2 bulk 10 1.8 18 34 37 57 65
WO3 bulk 11 3.6 21 32 32 57 57
MgO 18 2.9 13 65 0.0 16 0
Montomorillonite 10 1.7 25 45 18 45 41
Hydrotalcite 12 2.0 21 56 8.0 31 26
H-ZSM-5 13 3.2 24 37 22 50 45
H-ZSM-5' 30 1.0 13 56 0 14 0
H-Mord enite 8.7 1.9 22 59 8.7 33 27
MS-1 21 25 20 55 1.8 25 7
MS-2 17 2.8 26 47 6.8 36 19
MS-3 17 1.8 23 47 10 35 29
MS-4 19 2.4 27 49 2.7 32 8
MS-5 14 2.2 26 47 12 39 29

%S.Residue: sum of char, coke and coked Hi@as: First large peak at 2.6 mfivolatile: eluted
after gas and before 4 mif§V (semi-volatile): all semi-volatile GC detectalsiempounds eluted
after 4 min;*Bio-oil: calculated as Gmpie (CgastCehad); 'HM (heavy matter): calculated a$& -
(C+Cs); °Raw data obtained”Yield if effect of carbothermal reduction of thetalgst and
oxidation of char (with production of gas) was ddesed;'1:20 biomass to catalyst ratio, aromatic

hydrocarbons as main semi-volatile pyrolysis prasluc

Moreover, all silica based high surface materialsreased volatile fraction yields. The highest

effect was obtained with B&SiO,, Al**/SiO, and Z#*/SiO, producing volatile fraction yields of

4.0%, 4.0% and 3.6%, respectively*38i0, caused a small decrease in bio-oil yield (from 43%
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38%) and slight increase in HM yield (from 22% t6%&). Catalytic pyrolysis in the presence of
Co0>'/Si0,, Ti*ISiO, and CG'/SiO; showed an intermediate behaviour with a markededse of
both HM and bio-oil yields. M8/SiO, and Zr¥*/Si0, induced a large decrease in both HM yield
(from 22% to 5.4% and 4.9 respectively) and a ndecrease in bio-oil yields (from 47% to 27%
and 26% respectively), without any increase of @@ctable matter.

Among bulk metal oxides, Mo TIO, and WQ led to a slight raise of both bio-oil and HM yield
WO;3 also markedly raised volatile yield (from 1.6%3t6%); ZnO did not affect the bio-oil yield
and lowered HM vyield (from 22% to 15%).

CuO slightly increased bio-oil yield (from 47% t8%), mainly through a raise of semi-volatile
fraction (from 23% to 30% vyield), and markedly loee HM yield (from 22% to 16%). This effect
could be explained by the partial oxidation of HMeromolecules onto the CuO surface, with
release of additional semi-volatile fragments ahdo{ugh the evolved heat) speeding up the
pyrolysis process. The observed catalytic actioft¢uO is well known and has been largely
exploited in determination of lignin moieties invilonmental samplé§'?%

With strong alkaline catalysts, like CaO and Mg, @Getectable bio-oil yield dropped to 13% and
16%, probably with large coking, not evaluated resng to possible carbonation of the catalyst.
The effect obtained with MgO and CaO admixed tari@ies was similar to that observed for similar
catalysts placed as downstream catalyst bed isdhme system, which resulted in lower production
of bio-0il**2

Among clays, calcined montmorillonite caused ongnaall effect with 45% bio-oil yield and 18%
HM yield. HM yields were diminished from 22% to 89¢ calcined hydrotalcite, with a
concomitant slight reduction of bio-oil yields (mo47% to 31%).

As far as zeolites are concerned, H-mordenite aiZbM-5 were tested, the latter with a high
catalyst:biomass ratio (20:1), in addition to tlik ddopted in this study. With low catalyst/biomass
ratio, H-ZSM-5 did not affect bio-oil nor HM yieldsvhereas H-mordenite decreased bio-oil yield
to 33% and HM yield to 9%. With the high catalygifhass ratio, H-ZSM-5 yielded predominantly
solid residue (56% yield) and gas (30% vyield), wlile remaining fraction (14% yield) was

composed essentially by aromatic hydrocarbons. GBétsviour is analogous to that reported by

221 3.1 Hedges, J.R. Ertel. Characterization of ligmncapillary gas chromatography of cupric oxidédetion products,
Anal. Chem. 54 (1982) 174-178.

222p G. Hatcher, M. A. Nanny, R. D. Minard, S.D. @ipD.M. Carson. Comparison of two thermochemolgt&thods
for the analysis of lignin in decomposing gymnospevood: the CuO oxidation method and the method of
thermochemolysis with tetramethylammonium hydroxi@#®AH). Org. Geochem. 23 (1995) 881-888
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Carlsonet al.for model compounds with the same Py-GC appatatusiterfaced to MS

detectof?®

Regarding Fischer-Tropsch catalysts &l ,0s, C3/SiO,), remarkably HM was not revealed
with Ca*"/Al,0s, so that this catalyst yielded a 27% bio-oil cstisgy predominantly of semi-
volatile products. When cobalt occurred a$/Si, the resulting bio-oil (29% yield as with
Co*'/Al,0s) contained 37% HM. The activity of Zg@vas similar to that of SnQvith a slight
decrease of bio-oil (from 47% to 35% and 32% yietdspectively) as well as HM yield (from 22%
to 7% and 5%, respectively).

Finally, several catalysts utilised in the synteasdimethanol from syngas (MS-n) were tested for
the first time in the pyrolysis of biomass. MS-ttwally eliminated HM (only 2%yield), but with a
concomitant strong decrease in yield of bio-oibifr47% to 25%). MS-2 and MS-4 lowered HM
from 22% to 7% and 3%, but with a minor drop in-bibyields (to 36% and 32%). MS-3 and MS-
5 showed less pronounced activity, with still atelely high HM yield (10% and 12%) and a
minor decrease in bio-oil yield (from 47% to 35%&89%).

Summarizing the results, it can be noticed thattrabthe catalysts decomposed HM and heaviest
semi-volatile matter, leading to coking rathemtha the formation of GC-detectable products.
Mesoporous materials characterised by high sudee®, with exception of pure silica, failed in
cracking activity of HM into GC detectable compoandnd this could be caused by a too high
adsorption and coking rate in comparison to cragkictivity.

Only few catalysts among the variety tested in $iigly were able to break down HM into GC
detectable products, with a significant increasgad, volatile and semi-volatile products.

In particular, some pure metal oxides and mixedahwetides, in particular copper and cobalt
containing metal oxides, showed a minor propensityield coke in comparison with other
catalysts. For these catalysts, the effectiveneseddM degradation into GC detectable carbon is
illustrated in Figure 3.5.5. Here the percentagleicéon of HM yield in comparison to non-
catalytic pyrolysis (x-axis) was plotted vs. théefiveness of conversion of HM to GC detectable
(y-axis), obtained from ratio between absoluteaase in GC detectable and absolute decrease in
HM yield (both in comparison with non-catalytic piysis). Shadowed area indicated graphically
the overall trend and was built up by includingcatalysts that raised significantly the GC

detectable products yield.

22T R. Carlson, T.P. Vispute, G.W. Huber. Green Gasdy Catalytic Fast Pyrolysis of Solid Biomassribed
Compounds. ChemSusChem. 1 (2008) 397-400.
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Figure 3.5.5: Percentage reduction of HM yield (X axi@rsuseffectiveness of conversion of HM
to GC detectable (Y axis); Only catalyst that imsed GC detectable pyrolysis products are shown.
®H-ZSM-5 used in 1:20 biomass:catalyst ratio.
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As expected, the most active catalysts in HM cragknamely ZSM-5 used in 1:20 ratio,
mesoporous Si§MS-1 and C8'/Al,0s) were generally characterized by higher coking eatd
lowest conversion of HM into GC detectable produ@s the other hand “mildest” catalysts (like
ZnO, CuO and F©; bulk metal oxides) cracked only a small amouritibf into GC detectable
products, but with carbon effectiveness approactoriP0% and low coking rate. Moreover, for
similar HM reduction rate, chemically different abssts played a role in determining different
increase in GC detectable products, conceptugtiesented by the vertical width of the shadowed
area in figure 3.5.5 (constructed by comprisinglatih obtained). From this point of view, the best
catalysts were those near the upper edge of tlyeagea in Figure 3.5.5 (e.g. ZnO,Bg, MS-4).

3.5.4 Conclusions

The selection of proper catalyst is a fundamentap sn developing catalytic pyrolysis as an
effective process to convert biomass into a vakidilguid biofuel. A simple procedure based on
elemental carbon determination by Py-GC-AED, weidgtermination and reasonable assumptions
allowed to conduct a systematic study on the catabctivity of large array of active solids
belonging to different chemical families and indisdt applications. Quantitative data were
rationalised in terms of carbon yields represeweatif gas, bio-oil and solid residue. Bio-oil was
further characterized in terms of GC detectabledpcts and a non-volatile heavy fraction, this
latter associated to some detrimental aspectsahdpplication (high viscosity, phase separation
and more difficult combustion).

With all the tested catalysts the yields of biotaihged from 14 to 58%, with large differences in

the concentration of the heavy fraction (0-70%)wewer, for most of the catalysts reduction of
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heavy matter was accompanied by a significant dition of bio-oil yields with respect to un-
catalysed pyrolysis of biomass. Thus, few catalysse able to counteract the drop in bio-oil yields
by an increase in the amount of gas, volatile amdiwolatile compounds. At this regard, the most
interesting catalysts resulted to be CuO which leiidd the highest yields in semi-volatile
compounds, mixed metal oxide catalysts,(Jz¢ and mixed metal oxides containing copper and
cobalt) and ZnO which reduced the proportion ofvigeraction in the bio-oil with a limited

decrease in its yield.
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4. Applied pyrolysis for carbon-neutral fuels and

chemicals

4.1. Upgrading of Bio-oil by hydrogenation and cata  Iytic cracking over
H-ZSM-5

4.1.1 Introduction

Main problems concerning the use of bio-oil as,faet the low volatility, high viscosity, the
formation of coke, and corrosivene€8.0ne of the possible effective strategy for theragding of
biomass pyrolysis oils involves complete de-funadilization of the oils, through deoxygenation
with production aromatic hydrocarbons, by proceggiwolysis vapours onto H-ZSM-5, H-Y
zeolite, H-mordenite, silicalite, silica-aluminaftuid catalytic cracking catalyst (FCC), with best
results obtained with H-ZSM-&>226:227.228,229,230,231,232,233,234,235, 23638 his approach has the
advantage to directly produce an automotive fuallar to gasoline, but it has important
drawnbacks, as the loss of energetic efficiencythadast catalyst deactivation due to water and

2243 Czernik, A.V. Bridgwater. Overview of applitcats of biomass fast pyrolysis oil. Energy Fuel§2804) 590-
598.

22 E Furimsky. Catalytic hydrodeoxygenation. Appk&aA 199 (2000)147-190.

226 C. Elliott, D. Beckman, A.V. Bridgwater, J.P.dbiold, S.B. Gevert, Y. Solantausta. Developmentrict
thermochemical liquefaction of biomass: 1983-1%ergy Fuels. 5 (1991) 399-410.

227 petrus, M.A. Noordermeer. Biomass to biofualshemical perspective. Green Chem. 8 (2006) 861-7.

28 3.D. Adjaye, N.N. Bakhshi. Production of hydroaab by catalytic upgrading of a fast pyrolysis bib-Part I:
Conversion over various catalysts, Fuel Processhii@. 45 (1995) 161-183.

229 3.D. Adjaye and N.N. Bakhshi, Production of hydndmmns by catalytic upgrading of a fast pyrolysisdil. Part II:
Comparative catalyst performance and reaction pagbwFuel Process. Technol., 45 (1995) 185-202.

2303 D. Adjaye, S.P.R. Katikaneni and N.N. BakhslitaBtic conversion of a biofuel to hydrocarborféeet of
mixtures of HZSM-5 and silica-alumina catalystsppaduct distribution. Fuel Process. Technol. 4®@)915-143.
1R K. Sharma, N.N. Bakhshi. Catalytic upgradingwfolysis oil. Energ.Fuel. 7 (1993) 306-314.

%323 T. Srinivas, A.K. Dalai, N.N. Bakhshi. Thermaldacatalytic upgrading of a biomass-derived o#idual reaction
system. Can. J. Chem. Eng. 78 (2000) 343-354.

#3H.J. Park, J.I. Dong , J.K. Jeon, K.S Yoo, J.H YioM Sohn and Y.K. Park. Conversion of the pyiiolyapor of
radiata pine over zeolites. J. Ind. Eng. Chem.20®7) 182-189.

%47 R. Carlson, G.A. Tompsett, W.C. Conner, G.W. etuAromatic Production from Catalytic Fast Pyrisysf
Biomass-Derived Feedstocks. Top-Catal. 52 (2009)2511.

Z5H.1. Lee, H.J. Park, Y.K. Park, J.Y. Hur, J.K JedmM. Kim. Synthesis of highly stable mesoporousninosilicates
from commercially available zeolites and their aggion to the pyrolysis of woody biomass. Cataidd@y. 132 (2008)
68-74.

220, Onay. Fast and catalytic pyrolysis of pistddimjuk seed in a well-swept fixed bed reactor.|F862(2007) 1452-
1460.

7 A, Atutxa, R. Aguado, A. G. Gayubo, M. OlazarBilbao. Kinetic Description of the Catalytic Pyysls of
Biomass in a Conical Spouted Bed Reactor. Eneryj.EQ42005) 765-774.

233 Vitolo, M. Seggiani, P. Frediani, G. Ambrosini,Politi. Catalytic upgrading of pyrolytic oils el over
different zeolites. Fuel 78 (1999) 1147-1159.
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extensive coking (in comparison with that from hyahrbon processing) over the
Catalystz.39'240'241'242’243’244

Basically, the upgrading of fast pyrolysis bio4gikchallenging task, due to the reactivity of the
condensed bio-oil recovered from fast pyrolysise ©hthe most important features of raw bio-oil
is the co-presence of phenols and aldehydes, déimafiocm polymeric substances and finally coke if
subjected to heat. This determines the bio-oil gp@lity as fuel and, more specifically, it
determines a loss in effectiveness during any doeas processing. For this reason,
Hydrogenation of aldehydes into alcohols and , ibpbgartial deoxygenation and reduction of
reactive double bonds can be beneficial for bicgadlity and it can facilitates further de-
oxygenation steps.

Most of petroleum industry hydrotreating proceduezgiires high temperature and pressure
conditions that, if the treatment is applied t@@ bio-oil, usually determines an unacceptable
increase in coke formation and decreases the sélgctf overall process*® The first attempts to
perform high temperature hydro-deoxygenation, aiataabtaining a petroleum like material, in a
single step formed a heavy, cokelike semi-solidipos®*®

Although it is widely accepted that direct applioatof petroleum hydrotreating technology is not
affordable to fast pyrolysis bio-dif* a significant increase in effectiveness were oletiby
Catalytic hydrotreatment at temperatures below @With either Ni or sulfided cobalt
molybdenum (CoMo) catalysts. These catalysts wHestive in producing a stabilized oil
product, able to be entirely distilled without sfigant coke formatiorf*’ This product was
successfully used as feedstock for gasoline rargjesynthesis in a second high

temperature/pressure hydrocracking stage on sdlfideMo catalyst at conditions of

239 A.G. Gayubo, A.T. Aguayo, A. Atutxa, R. Aguado ahdilbao. Transformation of Oxygenate Componefts
Biomass Pyrolysis Oil on a HZSM-5 Zeolite. |. Aladk and Phenols. Ind. Eng. Chem. Res. 43 (2004)-26138.
2407.G. Gayubo, A.T. Aguayo, A. Atutxa, R. Aguado, @lazar and J. Bilbao. Transformation of Oxygenate
Components of Biomass Pyrolysis Oil on a HZSM-5liZeoll. Aldehydes, Ketones, and Acids. Ind. E@diem. Res.,
43 (2004) 2619-2626.

241 A G. Gayubo, A.T. Aguayo, A. Atutxa, B. Valle,Bilbao. Undesired components in the transformatibbiomass
pyrolysis oil into hydrocarbons on an HZSM-5 zemliatalyst. J. Chem. Technol. Biotechnol. 80 (2a2=y-1251.
22p A, Horne, P.T. Williams. The effect of zeolit& -5 catalyst deactivation during the upgradindpioimass-
derived pyrolysis vapours Journal of Analytical &jplied Pyrolysis. J. Anal. Appl. Pyrol. 34 (199-85.

23 A, G. Gayubo, A. T. Aguayo, A. Atutxa, R. Priefb Bilbao. Deactivation of a HZSM-5 Zeolite Cataliysthe
Transformation of the Aqueous Fraction of BiomagoRsis Oil into Hydrocarbons. Energy & Fuels 2®04) 1640-
1647.

2443 Vitolo, B. Bresci, M. Seggiani, M.G. Gallo.t@htic upgrading of pyrolytic oils over HZSM-5 Zée: behaviour
of the catalyst when used in repeated upgradingraegting cycles. Fuel 80 (2001) 17-26.

245D, C. Elliott. Historical Developments in Hydropessing Bio-oils. Energy & Fuels 21 (2007) 1792-1815

246 C. Elliott, E.G. Baker. Biomass Liquefaction Bugt Analysis and Upgrading. Comptes Rendus deliét de
TraVail sur la Liquéfaction de la Biomasse; re@8130, NRCC: Sherbrooke, Quebec, Canada, Septetkzd
(1983) 176-183.

#7D.C. Elliott, E.G. Baker. Process For Upgradingmass Pyrolyzates. U.S. Patent Number 4,795,84Lada 3,
1989.
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approximately 350 °C and 13.8 MP4. Similarly, Vitolo et. al studied the thermogratric
behavior of raw and hydrogenated bio-oil, and destrated that hydrogenated bio-oil is
characterized by improved volatility and a reduceking behaviof*°

These pioneering studies demonstrated the feagibflthe process under high temperature and
pressure and were taken as a guide for a geneglaging scheme, recently proposed by some
authors as a solution for the synthesis of commgattiemicals from biomasg®

Moreover, mild hydrogenation could be foreseen amethod for directly improving the quality of
bio-oil. Xu et al. recently demonstrated that hypmoation over an acid catalyst and removal of
water can also reduce the corrosiveness of thalli(py means of esterification of carboxylic acids
with large amount of alcohols functionality creatsdthe mild hydrogenatioft>***The reduction
of bio-oil reactivity allows an easier removal (@gtillation or similar techniques) of water and
some light compounds that could deteriorate thépegents for further bio-oil processing.

In conclusions, even if simple hydrogenation otte@ double bonds could be seen as a key step to
overcome the intrinsic limitations of biomass ded\pyrolysis oils, only few works studied even
milder conditions and most of studies regards modeipounds>*#**Further improvements are
expected in this field, where the ultimate goahis development of an effective homogeneous
catalyst for mild temperature hydrotreatment ofobysis oil. Moreover, although the
hydrogenation process was studied from the pointest of physicochemical proprieties of the
liquid product, a detail molecular descriptiortioé real matrix behavior during hydrogenation is
lacking. For this reason, this chapter was advacttetudy in detail the chemical changes
following hydrogenation of poplar bio-oil.

For model hydrogenation strategy, an accurate sorgg”>>°

,258

of the possibilities indicated the

bimetallic ruthenium Shvo cataly3t**®as a very good candidate for our scope. Indeérabust

248 .C. Elliott, E.G. Baker. Hydrotreating Biomassjlids to Produce Hydrocarbon Fuels. Energy frommiiss &
Wastes X; IGT: Chicago, (1986) 765-784.

293 Vitolo, P. Ghetti. Physical and combustion cham@zation of pyrolysis oil derived from biomassiterial
upgraded by catalytic hydrogenation. Fuel 73 (1292)p-1812.

207 p. Vispute, H.Zhang,A. Sanna,R. Xiao, G.W. Hullenewable Chemical Commaodity Feedstocks from tated
Catalytic Processing of Pyrolysis Oils. Science @80L0) 1222-1227.

%y Xu, T. Wang, L. Ma, Q. Zhang, W. Liang. Upgragliof the liquid fuel from fast pyrolysis of biomasser
MoNi/c-Al203 catalysts. Applied Energy 87 (2010)8%8-2891.

%2y Tang, W. Yu, L. Mo, H. Lou, X. Zheng. One-Stepddogenation-Esterification of Aldehyde and AcidEster
over Bifunctional Pt Catalysts: A Model ReactionNts/el Route for Catalytic Upgrading of Fast PysigyBio-Oil.
Energy & Fuels 22 (2008) 3484—-3488.

3F H. Mahfud, S. Bussemaker, B.J. Kooi, G.H. TeimBrH.J. Heeres. The application of water-solubigenium
catalysts for the hydrogenation of the dichlororaethsoluble fraction of fast pyrolysis oil and tethmodel
compounds in a two phase aqueous-organic systbtol. Latal. A Chem. 277 (2007):127-36.

#4E H. Mahfud, F. Ghijsen, H.J. Heeres. Hydrogematibfast pyrolyis oil and model compounds in a-plase
agueous organic system using homogeneous ruthamatatysts. J Mol. Catal. A Chem. 264 (2007) 227-236

25 R.M. Bullock. Catalytic ionic hydrogenations. Chefur. J 10 (2004):2366-2374.
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ruthenium complex is water-, temperature- and aeisistant. Discovered in the 1985t has been
matter of several mechanistic studies and it has b@plied as a versatile catalyst, particularly in
hydrogenation of polar double borf§&26%:262253.26fn the present chapter, this catalyst was tested
on bio-oil samples obtained from bench scale pwislgf white poplar. Raw bio-oil and
hydrogenated bio-oil were analyzed by an arraynafydical techniques and complete
deoxygenation (by thermal cracking on H-ZSM-5 zeagliof both raw and hydrogenated bio-oil
was studied. Py-GC-MS was used as model systeimtdate a catalytic cracking process, as
shown by recent publications and in chapte%¥and Py-SPE-GC-MS technique was applied for
the monitoring of PAHs formation (demonstrated higien H-ZSM-5 is used on raw biomass in

chapter 3.3) during the catalytic cracking process.

4.1.2. Experimental

4.1.2.1 Pyrolysis of Poplar chips

Bio-oil was obtained by consecutive batch pyrolydisvhite poplar wood chips (same sample of
chapters 3.1 and 3.3) with a fixed bed tubular quaactor (the apparatus was described in details
elsewhere§® Each batch was conducted by pyrolysing 5-10 g $aatb00 °C under nitrogen flux
with 30 s residence time. Bio-oil was collected detweam by means of two sequential trapping
systems: a cold trap equipped with a glass demisteersed into brine followed by a bubbler

filled with diethyl ether. In total, 100 g of whitgoplar chips yielded 55 g of bio-oil (27 g and8

2635 E. Clapham, A. Hadzovic, R.H. Morris. Mechanisshthe H2-hydrogenation and transfer hydrogenatiopolar
bonds catalyzed by ruthenium hydride complexesr€@inem Rev 248 (2004) 2201-2237.

%7R. Karvembu, R. Prabhakaran, N. Natarajan. Stilimishenium complex: a robust catalyst. Coord Cliea 249
(2005) 911-918.

#8y_Shvo, D. Czarkie, Y. Rahamim, D.F. Chodosh.efvrgroup of ruthenium complexes: structure andlysita J
Am Chem Soc. 108 (1986) 7400-7402.

29y, Blum, D. Czarkie, Y. Rahamim, Y. Shvo. (Cyclopadienone) ruthenium carbonyl complexes-a nevs@é#s
homogeneous hydrogenation catalysts. Organometadli¢1985) 1459-1461.

0B L. Conley, M.K. Pennington-Boggio, T.J. Boz EJTWilliams. Discovery, applications, and cataytiechanisms
of Shvo’s catalyst. Chem Rev.110 (2010) 2294-2312.

1N, Menashe, E. Salant, Y. Shvo. Efficient catalydduction of ketones with formic acid and ruthemicomplexes.
J Organomet. Chem. 514 (1996) 97-102.

%2y _shvo, I. Goldberg, D. Czerkie, D. Reshef, it New ruthenium complexes in the catalytic hgenmation of
alkynes. Study of structure and mechanism. Orgatadlics16 (1997) 133-138.

263 3.5.M. Samec, A.H. Ell, J.B. Aberg, T. Privalov Hriksson, J.E. Backvall. Mechanistic study of lngkn transfer
to imines from a hydroxycyclopentadienyl! ruthenibydride. Experimental support for a mechanism inva
coordination of imine to ruthenium prior to hydrogeansfer. J Am Chem Soc. 128 (2006) 14293-14305.

%4 A H. Ell, J.B. Johnson, J.E. Backvall. Mechanisimuthenium-catalyzed hydrogen transfer reacti@wdence for
a stepwise transfer of CH and NH hydrogens frorarame to a (cyclopentadienone)ruthenium complexer@Comm.
14 (2003) 1652-1653.

25T R. Carlson, T. P. Vispute, G.W. Huber. GreendBas by Catalytic Fast Pyrolysis of Solid Bioma&srived
Compounds. ChemSusChem. 1 (2008) 397-400.

28D, Fabbri, C. Torri,|. Mancini. Pyrolysis of celtise catalysed by nanopowder metal oxides: prodiuethd
characterisation of a chiral hydroxylactone andate as building blockGreen Chem9 (2007) 1374-1379.
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from the cold and solvent trap, respectively) aBdyaf charcoal. Bio-oil collected from the cold

trap was selected as real matrix for hydrotreatixygeriments.

4.1.2.2 Hydrogenation

All the hydrogenation experiments were conductea 90 mL stainless steel batch autoclave Parr
Instrument series 4560 (25-100 mL, Tmax = 300 1@aR = 100 bar) equipped with an electrical
heating mantle and a mechanical stirrer. Detailbyairogenation procedure, as well as
hydrogenation set up were described in detail byeBo et al (20105’

Briefly, the autoclave was charged with substraig @talyst. Prior to hydrogen addition, the
autoclave was flushed three times with nitrogeretoove oxygen. Subsequently, hydrogen was
added until a pressure of 5 bar was reached. Hutarewas heated to required temperature.
Subsequently the hydrogen pressure inside theimeagas increased to 10 bar. Then the reaction

was conducted at 145 °C under 10 atpngressure for 1 h.

4.1.2.3 Chemical characterization of bio-oil

Original and hydrogenated bio-oils were subjectethé same environmental conditions prior to
analysis €.g.transportation, storing) so that any observed atermodification could be ascribed
to the hydrogenation process rather than handiiragyeing. The analytical characterisation of the
oil was based on the solvent fractionation procedi@veloped by Oasmagag., with slight
modifications 2°®?**Pyrolytic lignin was determined by precipitationtfvtenfold excess water
added to an aliquot of neat bio-oil. The formedcjpitate was centrifuged and filtered, dried at 40
°C under nitrogen flow overnight and weighed. Theaght of this water insoluble residue minus
the weight of extractives gave the mass contriloudibpyrolytic lignin. Extractives were
determined by extraction witlthexane (1 hour under sonication with 1/10 w/v dildhexane

ratio) and weighing the residue left after elimioatof the solvent by vacuum distillation.

The aqueous supernatant resulting from the fitiratif pyrolytic lignin was extracted sequentially
with diethyl ether and pentane. The organic frativere collected and the residue weighted after
elimination of the solvent giving an estimate ghlin monomers. The aqueous layer contained

sugars (anhydro/mono and oligosaccharides) and wthter soluble components.

%7\, Busetto, D. Fabbri, R. Mazzoni, M. Salmi, C.rfioV. Zanotti. Application of the Shvo catalyst homogeneous
hydrogenation of bio-oil obtained from pyrolysiswatfiite poplar: New mild upgrading conditions. F@8I(2010) 1197-
1207.

28 A Oasmaa, E. Kuoppala, Y. Solantausta. Fast psiobf forestry residue. 2. Physicochemical coritfmrsof
product liquid. Energy Fuels 17 (2003) 433-443.

29 A Oasmaa, E. Kuoppala. Solvent fractionation rmetwith brix for rapid characterization of wood tfagrolysis
liquids. Energy Fuels 22 (2008) 4245-4248.
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Anhydro/oligosaccharides were hydrolysed by treptire aqueous solution over amberlyst at 100
°C for 6 hours. Then, 10d of solution were evaporated under nitrogen atr@aemperature, the
residue was dissolved in acetonitrile and subjetddbte analysis of anhydro/monosaccharides as
described below. The final concentration valuerdgfyalro/oligosaccharides was obtained by
subtracting the content of free anhydro/monosaddésiufrom the total value of
anhydro/monosaccharides obtained after hydroly$is.concentration of “others water soluble”
was roughly estimated by the difference from BRIXthod value?®®2%°
Anhydro/monosaccharides..glucose and levoglucosan) were determined by GCaft3
trimethylsilylation of the bio-oil dissolved in a@oaitrile using methyB-L-arabinopyranoside as
internal standard’® In addition, this method allowed the quantificatiaf G-C, polyols €.g.1,2-
ethandiol, 1,2-propanediol) and hydroxyacidgy(hydroxyacetic acid).

Volatile organic compound (. methanol, ethanol, acetic acid) were evaluatesidlig phase
micro-extraction (SPME) followed by GC-MS analysisio-oil dissolved into glycerol.
Quantification was performed by external calibnatom pure compounds when available.
Reactive aldehydes (acetaldehyde, hydroxyacetattemyethylglyoxale and others tentatively
identified in the mass chromatogramsret 75) were determined by GC-MS after derivatization
into the corresponding dimethyl acetals by catalyiethanolysis. A solution of bio-oil in methanol
(4 mL at 2.5% mass concentration) spiked with imaéstandard (100l of a 1 mg mL[* dodecanal
solution) was treated at 60 °C for 4 hours with & of amberlyst® acidic resin.

Finally, water content was determined by the KastkRer method.

GC-MS analyses were performed in splitless mo@8@at°C in the injection port of an Agilent
6850 gascromatograph connected to an Agilent HB §9adrupole mass spectrometer. Analytes
were separated by a HP-5MS fused-silica capillaityran using helium as carrier gas. Mass
spectra were recorded under electron ionizatioref#)0in full scan acquisition scan within/z29-
450.

4.1.2.4 Catalytic treatment of bio-oils over zediPy-GC-MS

Catalytic treatment was studied by means of area@lypy-GC-MS system (see chapter 3.1 for more
details). The sample (0.25 mg) was admixed witl 28tio (4.25 mg) of H-ZSM-5 zeolite

(previously calcined at 700°C for 5 hours) . Pysidywere performed at 600 °C (set temperature) as

described in detail in chapter 3.1. Quantitatiors warformed by external calibration, by injecting a

20C. Torri, I.G. Lesci, D. Fabbri. Analytical study the pyrolytic behaviour of cellulose in the pese of MCM-41
mesoporous materials. J Anal. Appl. Pyrolysis 880&) 192-196.
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known amount of ethyl-acetate solution containifg of toluene into the same system used for

pyrolysis.

4.1.2.5 PAHSs formation during catalytic treatmeRy-SPE-GC-MS

The exit of the pyrolysis chamber was connected tass tube containing 100 mg of silica gel,
withdrawn from a DSC-Si SPE cartridge, packed wihss wool and conditioned witlithexane.
The selected quantity of sorbent was sufficientrap evolved PAHs quantitatively as determined
by breakthrough experiments with a second layesilafa. Samples were pyrolyzed with the same
conditions used for Py-GC-MSAfter pyrolysis, the apparatus was vertically posied, spiked
with 100 ul of surrogate PAH mix solution and rinsed with 6 ahn-hexane. The solvent was left
to flow through the silica cartridge into the calieg vial. The obtained solution was then blown
down to 10-5Qul under nitrogen and analysed by GC-MS. Emissioelie@g PAH g* pyrolysed

biomass) were determined by internal calibration.

4.1.3. Results and Discussion
4.1.3.1 Hydrogenation of bio-oil from white poplaeactivity of bio-oil
Hydrogenation with the Shvo catalyst deeply moditiee chemical composition of bio-oil, as

indicated by comparison of the chemical compositeported in Table 4.1.1 and 4.1.2.

Table4.1.1 Chemical composition expressed as weight percebipedil before and after

hydrogenation with Shvo catalyst.

Compound Before hydrogenation After hydrogenation
% % %
C 35 38
H 4.3 55
O 60 57
N 0.1 0.1
Extractives 0.1 0.9
Pyrolytic Lignin 8.3 15
Lignin monomers 6.1 6.8
Aldehydes 8.2 0.17
C.-C, polyols and hydroxyacids 2.7 18
Anhydro/monosaccharides 1.6 9.7
Anhydro/oligosaccharides 13 3.0
Other water soluble 0.9 0.5
Volatile organics 8.9 8.4
Water 35 28
Mass balance (total quantified) 85 90
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The most relevant changes were clearly associatédhe activity of the catalyst towards the
reduction of the CHO groups. In fact, aldehydes$ dtaounted for about 8% by weight in the
original bio-oil dropped to 0.2% after hydrogenat{@able 4.1.1).

Conversely, the content 0b4C, polyols and hydroxyacids increased from 2.7% té1Bxamples

of specific compounds responsible to the obsertediges were reported in Table 4.1.2. Following
hydrogenation, the concentrations of hydroxyacetayde dropped from 4% to 0.01% and that of
methylglyoxal from 0.7% to undetectable levels, le/tihe concentration of 1,2-ethandiol, 1,2-
propanediol and hydroxyacetic acid increased Sicantly.

A remarkable effect was found in the distributidrifee so called sugars, comprising the ether
insoluble fraction of water soluble products, andsisting mainly of anhydro/monosaccharides and
oligosaccharide$®?*°Free anhydro/monosaccharides and their derivaéixbibited a significant
increase from 1.6% to 9.7% and concomitantly threllef oligosaccharides decreased from 13% to
3% upon hydrogenation. This finding suggests thatemployed conditions favoured the hydrolytic
scission of anhydro/oligosaccharides into monosatdés and eventually levoglucosan (note in
Table 4.1.2 that the level of levoglucosan was tenadl) and the partial reduction of the anomeric
carbon (glucitol was identified in the hydrogenabéat-oil).

The effect of hydrotreating was less pronouncetigmin derivatives. The content of lignin
monomers remained constant, whereas that of helayinan phenols (e.g. pyrolytic lignin) slightly

increased.

Table 4.1.2 Mean concentration of specific compounds expreasagleight percent in original bio-

oil and bio-oil after hydrogenation with Shvo cal

Compound Before hydrogenation  After hydrogenation
% % %
Acetaldehyde 0.7 Not detected
Ethanol Not detected 0.1
Acetic acid 2.2 2.6
Hydroxyacetaldehyde 4.2 0.01
1,2-ethanediol 0.1 7.2
Methylglyoxal 0.7 Not detected
Hydroxyacetone 0.7 0.8
1,2-propanediol Not detected 7.0
Glyoxalic acid 0.4 Not detected
Hydroxyacetic acid 0.2 3.0
Phenol 0.3 0.6
Cathecol 0.5 0.9
Levoglucosan 1.6 2.2
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4.1.3.2 De-oxygenation of hydrogenated bio-oil &talytic cracking
Once hydrogenated, further upgrading of pyrolydisvas studied by catalytic cracking over H-
ZSM-5, since it is known that this type of zeoldeable to transform carbohydrate derived fraction

of bio-oil into aromatic hydrocarbon€>

Figure4.1.1: Carbon yield of aromatic compounds (listed inéatll.3) obtained from catalytic
pyrolysis of poplar, bio-oil, hydrogenated bio-aitd and long chain hydrocarbon.
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Figure 4.1.1 shows the overall carbon conversidaioned for poplar (7%+5% ), bio-oil (23+5%
yield) and hydrogenated bio-oil (36x8% vyield), caargd with carbon conversion obtainable by
hydrocarbon processing ( 90+10%).

Figure 4.1.2: Example of different H-ZSM-5 catalyzed pathwayspgmeed for raw bio-oil

compound (hydroxyacetaldehyde) and correspondidgdggnated substance (1,2-etanediol).
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Table 4.1.3: composition (%w/\Wasoing Of “gasoline” obtained by catalytic pyrolysis (wiH-ZSM-
5) of bio-oil and hydrogenated bio-oil ((H)Bio-ailyleantstandard deviation (n=4).

Bio-ail cracking (H)Bio-ail cracking®
% W/Weaspline % W/Weaspline

propene 0.62 #0.01 1.0 +0.02
butene 2.3 #0.01 3.4 0.1
benzene 11 +0.08 6.8 0.3
unknown - 0.06 0.0
toluene 29 04 24 +1.0
xilene (0) 2.8 +0.12 3.5 0.2
xilene(m) 14 +0.4 18 +0.8
xilene(p) 2.9 +0.02 3.1 +0.1
propyl-benzene 0.20+0.02 0.54 +0.03
1,2,3-trimethyl-benzene 3.2¢0.2 6.3 +0.4
methylfurfural 0.08 £0.02 -
1,3,5-trimethyl-benzene 2.5t0.09 3.7 0.2
benzofuran 1.2 £0.08 0.70 +0.03
indane 3.3 #0.2 2.5 #0.2
indene 2.3 £0.09 1.1 +0.03
2-methyl-phenol 0.13+0.02 0.37 +0.02
4-methyl-phenol 0.08 £0.02 0.1 +0.01
2,3-dihydro-4-methyl-1H-Indene 0.65:0.09 0.85 0.1
7-methyl-benzofuran 0.35+0.02 0.25 +0.02
2-methyl-benzofuran 1.1+0.06 0.45 +0.02
1-Phenyl-1-butene 1.6+0.12 1.4 0.1
3-methyl-(1H)-indene 1.4+0.09 1.0 £0.1
1-methyl-(1H)-indene 1.4+0.09 1.0 £0.1
2,3-dihydro-1-methyl-indene 1.0+0.07 0.67 0.1
naphthalene 4.3+0.08 3.0 £0.01
1-methyl -1,2,3,4-(4H)-naphthalene 0.020.00 0.21 +0.01
2,3-dihydro-1,1-(1H)-Indene 0.12+0.02 -
4,7-dimethyl-Benzofuran 0.51+0.04 0.28 +0.02
1,2-dihydro-n-methyl-naphtalene 0.090.02 0.09 +0.02
1,2-dihydro-n-methyl-naphtalene 0.480.05 0.40 +0.05
1,2-dihydro-n-methyl-naphtalene 0.4%0.05 0.28 +0.01
1,2-dihydro-n-methyl-naphtalene 0.220.01 0.26 +0.01
n-methyl-naphtalene 5.2¢0.1 4.5 £0.2
n-methyl-naphtalene 1.1+0.08 1.2 +0.1
n-ethyl-naphthalene 0.50+0.03 0.41 +0.1
n-ethyl-naphthalene 2.2+0.10 2.4 0.2
n-ethyl-naphthalene 0.64+0.00 1.0 £0.01
n-ethyl-naphthalene 0.64+0.00 0.90 +0.04
n-propyl-naphtalene 0.14+0.00 0.19 +0.02
4-methyl-Dibenzofuran 0.03+0.01 -
others 0.57 3.8

Hydrogenation doubled the carbon yield obtainatdenfcracking of raw poplar bio-oil. In absolute
terms, the yield of aromatic products obtainabfeaimed low, if compared with hydrocarbons,
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probably due to ineffective conversion of lignirriged bio-oil. In fact it is known that these
compounds form char/coke outside from the catalysteventually clog the poré.

Table 4.1.3 shows the composition of “gasoline’anitd through catalytic processing of bio-oil
and hydrogenated bio-oil. The relative amount &edént aromatic compounds was fairly
reproducible, indicating that the source of erraswnainly due to manual weighing and admixing
procedure.

Hydrogenated bio-oil provided a gasoline richexiienes, trimethylbenzenes and with lesser
amount of benzene, toluene and bicyclic aromaéas fiaphthalene or indene).

From molecular point of view, since the hydrogemat(Table 4.1.1 and 4.1.2), under conditions
selected in this study has the main effect of reduaeactive double bonds, the effect of
hydrogenation could be related to the occurrendessfoxidized carbohydrate derivatives.

As an example if we compare 1,2-ethanediol anddyydicetaldehyde we can expect that over H-
ZSM-5, the former can form higher yield of alkyllzemes and lower yield of coke(Figure
4.1.2)%"212

4.1.3.3 PAHSs formation rate in catalytic pyrolysisraw bio-oil and hydrogenation bio-oil.

As demonstrated in chapter 3.3, an important feab@icatalytic cracking of biomass feedstock is a
relatively larger PAHs formation than that obseruedon-catalytic pyrolysis.

For this reason evaluation of priority PAHs formatifrom this feedstock was included in the
study. Py-SPE-GC-MS technique was applied in otdezvaluate the priority PAHs formation in
an upgrading process on bio-oil and hydrogenategibi

Three possibilities were compared: cracking of popbyrolysis oil, cracking of previously
hydrogenated pyrolysis oil, co-cracking of pyro$ysil and hydrocarbons in the same system and
simply hydrocarbon cracking. The last option wasleated as reference system and it can
represent actual standard refinery cracking fooljaes production.

As Table 3.3.4 shows, there are large differencesPAHs formation during cracking of
hydrocarbons and an oxygenated feedstock like ihidvtain difference is an markedly higher
production of some PAHSs (e.g. naphthalene, antheaaead benzo[a]pyrene).

Using the toxic equivalency factor of each PAHs FS$E analyzed an overall carcinogenic

compounds (TEQ expressed as mgf Bgnzo[a]pyrene equivalent, BAPeq) produced in tieegss

21p A, Horne, P.T. Williams, Reaction of oxygenaléamass pyrolysis model compounds over a ZSM-Systta
Renewable energy, 7 (1996) 131-144.

22p A, Horne, N. Nugranad, P.T. Williams. Catalyt@processing of biomass derived pyrolysis vapodsraethanol.
J Anal. Appl. Pyrol., 34 (1995) 87-108.
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can be calculated® Cracking of raw Bio-oil over ZSM-5 creates foimés more equivalents (56
mg kg' BAPeq) of carcinogenic PAHs than hydrocarbon pssitey (13 mg kg BAPeq), mainly
due to larger yield of four and five rings PAHs.sAlsimulating a real co-processing (on 1-1) in
actual fossil oil fuelled refineries, the specié@Hs production from raw bio-oil, although slightly

reduced remain on the same value.

Table 4.1.4: Rate of PAHs release (mean * standard deviati@m) ftatalytic cracking of a linear
hydrocarbon (GsH2), bio-oil and hydrogenated bio-GiCalculated as Nisbet and LaGoy (1992)

ngg’ ngg’ 19 g bio-ai ngg’
Bio-ail (H)BIO-OI' Bio-Oil+C3sH74 CssH74
acenaphthylene 42 +40 92 +60 2944 9+1
acenaphthene 75 £30 41 +23 3313 8+0.2
fluorene 374 +52 2534160 163128 5047
phenanthrene 339 £144 276x116 258+76 89+17
anthracene (1.1+2.80°  (0.77 £37)10°  (0.63+17)10° 90+22
fluoranthene 21 +8 20 +12 1543 5+1
pyrene 42 +18 33 £12 39+5 13+2
chrysene 91 +16 84 +32 105134 397
benzp]anthracene 27 4 27 £12 2615 15+2
benzop]fluoranthene 21 21 2+1 1+0.3
benzoK]fluoranthene 8 £2 10 5 17+14 2+1
benzop]pyrene 32 £15 26 £8 45+14 3+3
indeno[1,2,3ed|pyrene 312 1+2 313 4+1
dibenzp,hjanthracene 31 413 <1 <1
benzofhilperylene 6 +4 1+2 313 1+1
BAPed 56125 43+10 51+21 1316

On the other hand, if hydrogenated bio-oil is cestbka more clear reduction in BAPeq production
rate can be obtained (mainly due to lower Benzgf&lpe yield), with a final (in fact still high)
value of 43 mg kg of BAPeq. Since the lignin derived fraction of hygenated oil is similar to
raw bio-oil one, this effect is probably due to tharogenation of carbohydrates derived pyrolysis
products, in agreement with mechanism proposed eali@igure 4.1.2), and was previously
observed by Horne and Williams in catalytic cragkaf model compounds?

According to these results, if bio-oil would be jpcessed with petroleum for gasoline synthesis,
the final fuel should have drastically higher PA¢ésmtent than current gasoline fuel.

Using data obtained by micro-scale PAHs analysis awerall yields obtained by Py-GC-MS
(paragraph 4.1.3.1) is possible to obtain expeids concentration in the final fuel obtained.

Figure 4.4.3 shows the calculated content of caganic PAHs (expressed as BAPeq) expected for

2731 .C.T. Nisbet, P.K. LaGoy. Toxic equivalency fast¢TEFs) for polycyclic aromatic hydrocarbons (P#H
Regulatory Toxicology and Pharmacology 16 (1992)-200.
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various fuels. The final expected PAHs concerdratiom simple catalytic cracking of raw bio-oll
is astonishing high (final concentration of 160-46§ kg* BAPeq), whereas the expected PAHs
content is markedly reduced to (100-180 mg BfAPeq) from catalytic cracking of pure
hydrogenated oil and to relatively safe level (T1r2g kg* BAPeq) if 1:5 hydrogenated bio-
oil:hydrocarbons is considered.

Figure 4.1.3: Expected PAHs concentrations (as benzo[a]pyreneaegnts) in the final product of
catalytic cracking with H-ZSM-5 of bio-oil, hydrogated bio-oil ((H)Bio-oil), hydrocarbon (HC)
and mix of these products. Bars correspond to denfie intervalo=0.05).
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450

BAPeq mgkg!
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Bio-oil (H)Bio-oil 1:1 bio-oil:HC H)Bio-oil:HC 1:5 (H)Bio-oil:HC HC

4. Conclusions

Hydrogenation deeply changed the chemical natupymfysis oil. Aldehydes, ketones and non-
aromatic double bonds were almost totally hydrogghdn addition, the catalytic system promoted
the hydrolysis of sugar oligomers into monomersskghtransformations result in an improved
stability of the bio-oil due to the reduction ofl@odouble bonds (in particular reduction of reaseti
aldehydes), that are main causes of the ageingrofypic oils.

Hydrogenation determinated a twofold increaserwdlfgasoline yield and a significant reduction of
carcinogenic PAHs formation rate, nevertheless Pf#ifsation during processing of hydrogenated
bio-oil remained drastically higher than that obserwith hydrocarbons.

In fact, PAHs content could represent the most lprobtic adverse characteristic of gasoline
obtained by hypothetical hybrid petroleum/biomassléd refineries. For this reason, it is advisable
that only small amounts (less than 20% of the fee#3 of hydrogenated bio-oil could be fed in
actual refinery without impact the safety of finaoduct. Alternatively, as proposed by some

authors?™ a different non-retail application (e.g. sourcebémicals or jet fuel) of biomass derived
“gasoline” should be found.
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4.2. Production of chiral chemicals from cellulosic biomass pyrolysis:
influence of pre-treatment and catalysis.

4.2.1. Introduction

Cellulose is the main component of vegetable bi@nss that it could be worth of investigation as
source of renewable chiral building blocks. Herloase biomass and agricultural residues are
largely composed of cellulose, that it is typicatjyite recalcitrant for hydrolysis and ethanol

production. For this reason, thermochemical praicgs of cellulose rich residue could be

investigated as alternative valorisation of stdrehdicelluloses fermentation residues (usually
lignin and cellulose). By coupling pyrolysis witlydrolysis (Figure 4.2.1), it would be possible to

obtain a combined stream of chiral chemicals amiggn

Figure 4.2.1: general scheme of integrate sugars and anhydrasygaduction from cellulosic

biomass.

BIOMASS:
Hemicellulose
Cellulose
Lignin

Wi
et > Waste water
Pretreament

Lignin+ cellulose

Anydrosugars  § Pyrolysis >

Regarding the production of fine chemicals, theopgis of raw biomass, mainly due to ash
catalysis?’* produces an high number of compounds at low cdration, and for this reason, the
raw bio-oil obtained is not suitable as a sourcehamicals.

274p R. Patwardhan, J.A. Satrio, R.C. Brown, B.H.r&kalnfluence of inorganic salts on the primaryqbysis
products of cellulose. Bioresource Technology 12010) 4646-4655.
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On the opposite, thermal degradation of pure loski(or de-ashed cellulosic biomass) gives rise
to interesting chiral multifunctional dnonomers, such as levoglucosan (LGA), levoglucosen
(LGO), and the hydroxylactone LA&?

Pyrolysis of cellulose can yield over 60% LGA, wheerformed under optimized conditiof{&?"’
however, costs associated to its isolation fromdiliégs a factor limiting its industrial developmien

as chemical intermediate. Less polar more dehydila®0O and LAC might be simpler to isolate by
distillation and solvent fractionation due to highmlatility and solubility in standard organic
solvents. However, they are produced at lower gialdd a catalyst is needed in combination with
pyrolysis. Different catalysts, including phosplwodcid and its salts were employed to enhance
LGO production from pyrolysis of cellulog&®2%2%t was reported that up to 42% yields of LGO
can be achieved by pyrolysing cellulose in sulfelanpresence of an acid catal§fstRecent works
demonstrated that the pyrolytic production of LG®@ &AC can be improved by using metal oxide
nanoparticles, like nanopowder aluminium titarfdfe’>The latter catalyst enabled the isolation of
LAC from the bio-oil of cellulose and its applicati as a monomer for the synthesis of a novel class
of polyesterg®?

Zeolites have been widely studied as heterogeneatasysts in biomass conversigf?2>22628yt

these materials are not fitted for the productibmmhydrosugars due to their small pore size and

27> D.Fabbri, C.Torri, I.Mancini, Pyrolysis of cellide catalysed by nanopowder metal oxides: production

and characterisation of a chiral hydroxylactone ismdble as building block Green Chem. 9 (20037§4:1379

27%7. Luo, S. Wang, Y. Liao, K. Cen, Mechanism Stud\Cellulose Rapid Pyrolysis. Ind. Eng. Chem. Re%(2004)
5605-5610.

277G.-J.Kwon, D-Y.Kim, S.Kimura, S.Kuga. Rapid-cooljmpntinuous-feed pyrolyzer for biomass processing
Preparation of levoglucosan from cellulose andcktar Anal. Appl. Pyrolysis 80 (2007) 1-5.

2’8 Halpern, R.Riffer, A.Broido. Levoglucosenone (&;anhydro-3, 4-dideoxy-D3-b-d-pyranosen-2-one). dviaj
product of the acid-catalyzed pyrolysis of celld@nd related carbohydrates. J Org Chem. 38 (1Z20#8P08.

"9 F Shafizadeh, R.H.Furneaux, T.T.Stevenson. Raactiblevoglucosenone. Carbohydr. Res. 71 (1979)114..
#0G. Dobele, T. Dizhbite, G. Rossinskaja, G. Telyshd.Meier, S. Radtke,O. Faix. Pre-treatment ofriiss with
phosphoric acid prior to fast pyrolysis: A promigimethod for obtaining 1, 6-anhydrosaccharidesgh kields J.
Anal. Appl. Pyrol. 68/69 (2003) 197-211

Bl Kawamoto, S. Saito, W. Hatanaka, S. Saka, hvataoto, S. Saito, W. Hatanaka, S. Saka. Catalyticlysis of
cellulose in sulfolane with some acidic cataly3t§/ood Sci 53 (2007) 127-133.

282 D Fabbri, C.Torri, V.Baravelli, Effect of zeolitemd nanopowder metal oxides on the distribution of

chiral anhydrosugars evolved from pyrolysis of wlelse: An analytical study J. Anal. Appl. PyrolQ @007) 24-29

283p Dobrzynski, D.Fabbri, C.Torri, J.Kasperczyk, Bagmarczyk, M.Pastusiak, A novel hydroxy functidzed
polyester obtained by ring opening copolymerizatibh-lactide with a pyrolysis product of cellulo§éPolymer Sci. A
Polymer Chem, 47 (2009) 247-257.

284 A V. Bridgwater. Production of high grade fuelslashemicals from catalytic pyrolysis of biomasstal.aloday 29
(1996) 285-295.

#5p T Williams, P.A.Horner. The influence of catalggpe on the composition of upgraded biomass ggisloils.
J.Anal.Appl.Pyrolysis 31 (1995) 39-61

28 Ates, A.Putun, E.Putun, Pyrolysis of two differéiomass samples in a fixed-bed reactor combivigdtwo
different catalysts Fuel 85 (2006) 1851-1859.

27 A, Pattiya, J. O. Titiloye, A.V. Bridgwater. Fgsgrolysis of cassava rhizome in the presence aflysts. J. Anal.
Appl. Pyrolysis 81 (2008) 72-79.
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strong acidity that cause severe dehydration akihg®f the cellulosic fractioA’>?®®In searching
for less dehydrating but still active moleculaveig, it is worth considering the class of mesopsrou
materials, especially the MCM-41 type, which ararelcterised by relatively larger pore size and
milder acidity and usefully applied in the field cétalysis?®® The activity of these materials has
been investigated in catalytic pyrolysis of diffierdiomass types; since the pure silicate MCM-41
(herein referred to as Si-MCM-41) lacks acid sitthg attention was directed towards MCM-41
containing additional metals, in particular Al-MCA-290%91292.293The presence of Al-MCM-41
during pyrolysis of biomass influenced the productand chemical composition of the resulting
bio-oil, which was enriched in simple phenols dedvfrom lignin?**?°2 The incorporation of
transition metals (Fe, Cu, Zn) into the AI-MCM-4ttugture was found to change considerably the
activity of the catalyst with respect to the panexaterial>®*%?

The influence of MCM-41 materials on the pyrolyitiehaviour of cellulose, and in particular on the
yields of di and tri-anhydrosugars has been lesgsiigated, therefore this topic became the
objective of the present study. Analytical pyrotyss known to provide a valid contribution to the
study of catalyst activity in biomass pyroly§i§2%"28293nd herein was applied in the off-line
configuration to gather quantitative information the yields of pyrolysis product& The interest
was focused on the production of LAC given its ptitdity as a chemical intermediate for fine
chemicals and biodegradable polynf&rs3To this purpose, the best performing catalyst emgr
from analytical data was utilised in preparativegbysis experiments with a fixed bed reactor to

investigate the yields of LAC in recycling tests.

4.2.2. Experimental
4.2.2.1 Materials
Microgranular cellulose, ZrGl SnCl pentahydrate, tetraethyl orthosilicate (TEOS),

hexadecyltrimethylammonium chloride (CTAB), nanoplew aluminium titanate were purchased

28 T R. Carlson, T.P. Vispute, G.W. Huber. Green Bascby Catalytic Fast Pyrolysis of Solid Biomassrbed
Compounds. ChemSusChem 1 (2008) 397-400

289 A Corma, From Microporous to Mesoporous Molec@ave Materials and Their Use in Catalysis. Chesv.R7
(1997) 2373-2420.

29 E Antonakou, A.Lappas, M.H.Nilsen , A.Bouzga , k&ker. Evaluation of various types of Al-MCM-41 tedals
as catalysts in biomass pyrolysis for the productibbio-fuels and chemicals. Fuel 85 (2006) 220222

291 E F.lliopoulou, E.V.Antonakou, S.A.KarakouliaAlVasalos, A.A.Lappas, K.S. Triantafyllidis, Cattdy
conversion of biomass pyrolysis products by mesogomaterials: Effect of steam stability and agidit Al-MCM-41
catalysts. Chem.Eng.J. 134 (2007) 51.

2923, Adam, M. Blazs6, E. Mészaros, M. Stécker, MNisen, Aud Bouzga, Johan E. Hustad, Morten Grah@ye,
Pyrolysis of biomass in the presence of AI-MCM-¥fid catalysts. Fuel 84 (2005) 1494-1502.

293 3. Adam, E.Antonakou, A.Lappas, M. Stécker, M.Hsiiil, A.Bouzga, J.E.Hustad, G.@ye. Investigatioiefeffect
of metal sites in Me—AI-MCM-41 (Me = Fe, Cu or Zm) the catalytic behavior during the pyrolysis afoden based
biomass. Micropor.Macropor.Mater. 105 (2007) 183-20
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from Sigma-Aldrich, 30% Nklsolution from Carlo Erba reagenti, TIOS® nH,O (minimum Ti
assay 29% as T AICI; hexahydrate from Riedel-de Haén and Mdt&xahydrate from Merck.
Levoglucosan (LGA), 2-furaldehyde (FA), 2-hydroxyrtethyl-cyclopenten-3-one (CYC), methyl-
L-B-arabinopyranoside, BSTFA+1% TMCS, pyridine andi@uiérile were purchased from Sigma-
Aldrich. LGO and LAC were produced from catalytierizch scale pyrolysis of cellulose admixed
with 30% nanopowder aluminium titanate at 350°C &00 °C, respectively, and purified by

column chromatograpHy?®

4.2.2.2 Pre-treatment of biomass for anhydrosugaosluction

Switchgrass was pre-treated by 4 h refluxing inlM¥w (1 g of biomass was admixed with 5 ml of
solution) the reaction media (shown in Table 4.2rlby autoclaving at 150°C for 30 min.

After the reaction, the resulting mixture was éted on glass filter, re-suspended in 1:10 distille
water (for acid removal) and then filtrated ag&imally, the wet powder/flasks were collected from
the filter and residual water was eliminated byp®ration under vacuum at 90°C. Water “uptake”
calculation was performed by difference in weigbtdoe and after the last step of evaporation.
Soluble sugar yields were evaluated by analyswgatftorrefaction water output by Brix optical

densimeter.

Table 4.2.1: experimental conditions used for pre-treatmentofchgrass

Name Amount of reaction medja catalyst Time  TempolveBst

De-ashing 1:10 biomass:liquid 1% HNO 4 h 100°C | Water
Organosolv 1:10 biomass:liquid 1%,80, | 4 h 80°C Water:ethanol 4:6
Hydrolysis 1:10 biomass:liquid 1%,8Q, | 4 h 100°C | Water

Wet torrefaction | 1:10 biomass:liquid - 0.5h 150°CWater

4.2.2.3 Synthesis of Me-MCM-41 catalysts

The synthesis and characterization of Me-MCM-41apesous materials was described in chapter
3.52% Data of Table 4.2.1 show a general increase df 8face area as a consequence of metal
substitution. Only Sn-MCM-41 exhibited a lower valith respect to undoped Si-MCM-41 that,
consistently to XRD results, could be attributedimall amounts of Snhighly dispersed onto the
pore walls. The highest BET areas were found forNUgM-41 and Al-MCM-41(1300 and 977%m

294D .Fabbri, F.Fabbri, G.Falini, V.Baravelli, A.MagriaC.Torri, H.Maskrot, Y.Leconte. The activity nAnopowder
and mesoporous titanium catalysts for the anabyfsiatty acids in triglycerides by pyrolysis methtibn with dimethyl
carbonate. J.Anal.Appl.Pyrolysis 82 (2008) 248-254.
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g™, respectively), while in the case of Zr-MCM-41 thetal effect may have induced a partial

collapsing of the mesopores, leading to lower serfreas (697 hyl).

Table 4.2.2: Characteristics of calcined Me-MCM-41 catalysts.

BET surfacearea Metal content

m® g* % wt
Al-MCM-41 977 8.1
Sn-MCM-41 450 8.7
Zr-MCM-41 697 7.7
Ti-MCM-41 820 13
Mg-MCM-41 1300 2.3
S-MCM-41 663 -

4.2.2.4 Off-line py/GC-MS

Off-line pyrolysis procedure is detailed descritvedletail in chapter 3.1. Samples (typically 5 mg
cellulose mixed with 1.5 mg catalyst) were pyrotysg 500°C (set temperature) for 100 s at the
maximum heating rate (20 °C Msunder nitrogen flux. Molar yields were calculatedm the
guantity of cellulose subjected to pyrolysis ane thuantity of evolved product, this latter
calculated from the peak areas in the total ioromiatogrant®? Quantitation was performed by
internal calibration, with 2-bromonaphtalene a®iinél standard, using the response factor of FA
(also for FO and MF), CYC (for PYR), LGO and LAdda for DGP). The quantitation of LGA
was performed on the persilylated derivative ughmey persilylated 5-methyl-L-arabinopyranoside
as internal standard. All the experiments werequaréd at least in duplicate. Percentage RSD of
yields ranged in the 3.3%-48% interval for FO, 8%-(FA), 0.1-11% (MF), 8-30% (PYR), 2-37%
(LGO), 2-9% (LAC), 30-50% (LGA).

4.2.2.5 Preparative pyrolysis

The configuration of the fixed bed reactor set op [freparative pyrolysis was similar to that
described elsewhefé& consisting of a tubular quartz reactor (lengttd &%, internal diameter: 37
mm) placed coaxially within a furnace refractorya(Bolite, Italy), equipped with a thermocouple,
connected to the nitrogen inlet by means of pressalve and a flow meter and connected
downstream to an ice trap and a solvent trap (atate) for trapping condensable compounds.
The sample (3.0 g cellulose alone or mixed with d..6f catalyst) was uniformly placed onto a

sliding quartz boat, the nitrogen flow was set 3@ cni min™ and the oven was turned on. As
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soon as the temperature inside the reactor redtigedstablished value (500°C), the sample was
positioned into the central part of the oven fanfutes, then retrieved upstream in the colder part
of the reactor. The bio-oil recovered in the caoltptwas dissolved into acetonitrile and an aliquot
subjected to GC-MS analysis; the solution was daie80°C under reduced pressure and weighed
(tar). Solid residue (catalyst + char) was heateair in a muffle furnace for 6 h at 550°C to
regenerate the catalyst (weight loss provided gledd). LAC was isolated from the tar with 90%
GC purity by column chromatography over silica gedl elution with pentane/dichloromethafe.

4.2.3. Results and discussion

4.2.3.1 Pre-treatment of biomass for anhydrosugaosluction

Switchgrass was selected as hemicellulose/cellulosanaterial for tests. Anhydrosugar yield
from raw biomass resulted too low for any applicatiFor this reason, in order to enhance
anhydrosugar yield, 4 pre-treatments were testd@: (lv/w) acid reflux washes (1% nitric acid or
1% sulphuric acid for de-ashing and hemicellulogérolysis respectively) organosolv pre-
treatment ( acidified alcohol/water extraction) anet torrefaction” (WT) at 150°C in 1:10
distilled water (see Table 4.2.1).

Figure 4.2.3: yield of levoglucosan from pyrolysis of switchgrasetreated in different way , pure

cellulose and raw biomass.
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De-ashing partially removed soluble ashes (mainbnid Na, checked by analysis of the liquid) and
leaved hemicelluloses largely intact. Both hydrdysnd organosolv processes dissolve
hemicellulose almost completely, and organosolvoreed lignin almost totally. Wet 150°C
torrefaction acted similarly to hydrolysis, but keut the use of any acid (acid are formed in the

thermal reaction).
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The pre-treated materials, composed of cellulose iarsome case, lignin were pyrolyzed in order
to see the effect of pre-treatment of anhydrosu@aesnly levoglucosan) yield. Both de-ashing
and hydrolysis were able to raise LG yield to vadimilar to that observed for pure cellulose
(Figure 4.2.2) (23£7%), where organosolv procesasss effective (15+4% yield). Most interesting
effects were observed with WT that, without any enah acid use, produced a material which
yielded an higher anhydrosugars yield ( a vari&ble 5% yield) than that observed for pure
cellulose (15-30% yield).

Table 4.2.3: water uptake and soluble sugars yield by wetrreat of different cellulosic

substrates.WT: wet torrefaction.

Biomass type Soluble sugar yield Final water content
% WsdWhiomass % W/Witrated biomass

Switchgrass pre-hydrolysis 26 75

Switchgrass WT 21 28

Pine WT 20 22

Poplar WT 23 25

Kenaf WT 20 61

Sunflowers stalks WT 30 53

Considering the results obtained, WT could be ay @ay for the obtaining of anhydrosugars from
a large range of raw biomass, without the use of simong acids, and then without any
neutralization of the process output stream.

Moreover torrefaction resulted in brittle hydrophoparticles that were readily separated from the
water. On the contrary, all other examinated preegqde-ashing, organosolv and hydrolysis )
involved a large hydric uptake. In order to stutlg increase in hydrophobicity induced by the
torrefaction process, different cellulosic matexiabere subjected to the same wet torrefaction
treatment. Table 4.2.3 shows the water uptake (wigca concern for subsequential pyrolysis)
caused by the wet pre-treatment method. It inteig@db notice that, especially for lignin rich
biomass (poplar or pine), the water uptake carmobsidered acceptable.

4.2.3.2 Catalytic pyrolysis of cellulose: screenbyy analytical pyrolysis
Typical examples of the GC-MS traces obtained fiaffdine pyrolysis of cellulose mixed with
30% mesoporous materials undoped (Si-MCM-41) ampedavith different metals (Me-MCM-41)

are presented in Figure 4.2.3.
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Figure 4.2.3. GC-MS traces obtained from off-line pyrolysisoaflulose with 30% a) Si-MCM-41,
b) AI-MCM-41, c) Mg-MCM-41, d) Sn-MCM-41, e) Ti-MCMi1, f) Zr-MCM-41. Peak
identification: (2H)-furan-3-one (FO), 2-furaldeleyd(FA), 5-methyl-2-furaldehyde (MF), 4-
hydroxy-5,6-dihydro-pyran-2-one (PYR), levoglucosea (LGO), 1-hydroxy-3,6-
dioxabicyclo[3.2.1]octan-2-one (LAC), 1,4:3,6-diglno-0-D-glucose (DGP) and levoglucosan

(LGA). i.s. internal standard 2-bromonaphthalene.
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The principal peaks were identified as FO, FA, MAAYR, LGO, LAC and DGP and were
guantified, while CYC was barely detected. Levoghen (LGA) gave a broad peak under these
conditions, therefore it was analysed after conwargto its trimethylsilyl derivative. The yieldsf

these compounds are reported in Table 4.2.3. Alettamined mesophases acted as to decrease the
yields of LGA with respect to neat cellulose, andricrease the pyrolytic production of both LAC

and LGO. The effect was similar to that reported fanopowder oxides containing Ti and Al.
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282215 A higher formation of LAC accompanied by a loweoguction of LGA was also found in

the thermal analysis of cellulose treated with Eni¢ns .2

Table 4.2.4: Mean molar yields of selected compounds releasad 6ff-line pyrolysis of cellulose

mixed with 30% catalyst.

FO FA MFEA PYR LGO LAC DGP LGA
Sn-MCM-41 0.23 11 0.66 0.42 6.4 5.6 1.7 1.6
Zr-MCM-41 0.29 1.3 0.65 0.41 4.3 5.6 11 1.7
Ti-MCM-41 0.20 1.0 0.66 0.56 2.6 4.9 1.8 2.7
Al-MCM-41 0.49 15 0.69 0.46 5.1 3.5 1.3 11
Mg-MCM-41 0.21 11 0.70 0.47 2.4 5.1 2.0 2.3
S-MCM-41 0.22 0.83 n.d. n.d. 1.9 2.4 2.9 3.9
no catalyst 0.19 0.60 0.81 0.61 0.80 0.58 2.2 12

Regarding LGA, the observed effect of the Me-MCMedtalysts was in agreement with pyrolysis
data on vegetable biomass with AI-MCM-41 that shidvee depression of LGA productiéif
Instead, the yields of furans (probably with theeption of FA), PYR and DGP were not much
affected by the presence of the MCM-41 catalydtseast considering the low yield and relative
precision.

In general, the effect of the investigated catalyist that to produce a more dehydrated/de-
oxygenated pyrolysate, as both LGO and LAC arauaily formed from the dehydration of LGA
and contain less oxygen and hydroxyl groups. Os hbasis, all the metal containing Me-MCM-41
solids were more active catalysts than the siliseBuMCM-41. The higher activity of doped
mesostructured materials could be attributed toftinmation of acidic sites when the metal is
incorporated into the siliceous framework of MCM-4The addition of the metal generally
increases the acidic character of the solid witipeet to the siliceous mesophase. For instance, Al-
MCM-41 have higher acidic sites and catalyse dedtyain reactions with a higher production of
carbonyl compounds relative to Si-MCM-41 when aggplito biomass pyrolysfS: The
incorporation of Sn (INY° and Zr (IVF®’ deficiently coordinated on the surface adds Leauitsl
sites that may explain the highest yields of LAGated with Sn-MCM-41 and Zr-MCM-41.
However, relatively high LAC vyields were found witig-MCM-41, probably due to the large
surface area of this solid (Table 4.2.2). Neveabg| the different yields of LGO and LAC observed

29 E. Jakab, E. Mészéaros, J. Borsa. Effect of Sigfremical Modification on the Pyrolysis Behavior@éllulose
Fibers. J.Anal.Appl.Pyrol. 87 (2010) 117-123.

29| Nowak, A.Feliczak, |.Nekoksova,Ckjka. Exploring the catalytic activity of regulancaultralarge-pore Nb,Sn-
SBA-15 mesoporous molecular sieves. Studies ineBarScience and Catalysis 170(2007) 1432-1437

297D, Fuentes-Perujo, J. Santamaria-Gonzales, Jdeiobles, E. Rodriguez-Castellon, A. Jiemez-Lopez,
Maireles-Torres, R. Moreno-Tost, R. Mariscal. Ewadion of the acid properties of porous zirconiunpeid and
undoped silica materials. J.Solid State Chem.199622182-2189.
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with the various metals are not easily interpretdi#cause the catalytic activity of the mesophases
is affected by a multitude of factors. These ineldlde type of acidic sites (Bronsted or Lewis) and
their strength as well as site accessibility to thactants since the metal can be located onto the
surface or buried into the inner part of the poedisv

Although characterised by lowest specific surfacsaaand the limited low range order (section
4.2.2.3), Sn-MCM-41 was among the most active MeMMCT catalysts, giving the highest yields
of both LGO and LAC, while the yields of LGA werather low. Therefore Sn-MCM-41 was

selected for further experiments with a bench spgtelyser.

3.3. Preparative pyrolysis of cellulose. Catalystycling

Preparative pyrolysis was conducted with a fixed Qeartz reactor on neat cellulose and cellulose
admixed with 30% Sn-MCM-41 under the same conditiosed for analytical pyrolyis. Results
relative to the production of char and tar (hemeiferred to as the oil left after the eliminatioh o
water and other volatiles by vacuum distillatiom)rey with the yields of selected pyrolysis are
presented in Table 4.2.5.

Table4.2.5: Yields of tar, char and individual products fromejparative pyrolysis at 500 °C of 3.0
g cellulose without and with Sn-MCM-41 (30%). Mezfrtwo replicates.

Nocatalyst  Sn-MCM-41

% wt % wt
Char 14 +3 15 +1
Tar 33 +£5 47 +4

FA 1.3 +0.5 1.0 +£0.3
MF |0.10 + 0.05 0.5 *0.1
PYR | 0.10 +0.08 0.6 +0.4
LGO | n.d. 0.2 £0.1
LAC | 1.2 +0.2 59 £0.3
DGP | 16 *=0.1 2.5 0.6
LGA | 14 *2 4 +1

The formation of the solid residue from the pyradysf cellulose in the presence of the catalyst (15
%) was similar to that observed in its absenceX)dindicating a low coking activity of Sn-MCM-
41 with respect of pure cellulose pyrolysis. TlEgartially in contrast with 20% coke increase in
chapter 3.5 regarding Sn-MCM-41 catalysis on ramepbiomass, and can be explained by the
different reactivity of cellulose (which form anhhpdugars) than raw biomass, which produce large

lignin monomer and large amount of small hydroxgalgtes.
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The yields of the tar from the pyrolysis of purdldese was 33%, but increased markedly to 44%
when pyrolysis was conducted in the presence oMEM-41. These results underlines the
performance of MCM-41 catalysts in improving thegluction of liquid without excessive coking.
The slight reduction in volatile compounds ( froB82&to 38%) is in accordance to that observed in
chapter 3.5 for Sn-MCM-41 catalysis on raw pinetéss pyrolysis.

The yields of the evolved products from catalysed ancatalysed pyrolysis were markedly
different (Table 4.2.5). LGA, was the major compduanalysed by GC-MS in the oil from
uncatalysed cellulose, with an overall yield of 14Phe concentration of LGA in the tar obtained
after catalytic pyrolysis was lower with a 4% yigtohd LAC became a major component with 5.9%
yield. The effect of the catalyst on the yieldsL&fC and LGA reflected the trend observed with
analytical pyrolysis, confirming the reliability dahis technique for screening the activity of
catalysts. However, the similarity of the resuledvieen analytical and preparative pyrolysis was
not as satisfactory for the more volatile produtrisparticular, the yields of LGO were much lower
in the preparative pyrolysis, even though highdueswere found with Sn-MCM-41 in accordance
with analytical pyrolysis. These differences betwemnalytical and preparative pyrolysis were
probably caused by different heating rate in twatems.

The reusability of the catalyst is an importanttdiea to be assessed considering that a relatively
large quantity is employed with dry mixing. In fadhermal treatments of MCM-41 during
pyrolysis and regeneration cycles may cause a tedua surface area, number of acidic sites and

pore size that affect negatively the performancenefcatalyst™*

Table 4.2.6: Recycling tests. isolated yields (mass %) of Lid@n catalytic pyrolysis of cellulose
with regenerated Sn-MCM-41 and nanopowder alumirtitenate (NP Al Ti).

Pyrolysisrun Sn-MCM-41 Sn-MCM-41 NP Al Ti
Test 1 Test2
% LAC % LAC % LAC
I 5.9 57 6.2
Il 5.3 n.d. 55
1 5.2 5.1 5.3
v 5.8 5.8 3.6
Vv 5.3 5.6 3.6
VI 5.2 5.3 4.5
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In order to evaluate whether Sn-MCM-41 could beseguafter pyrolysis, two recycling tests were
performed each consisting of six runs of catalptyeolysis with cellulose at 500 °C followed by
regeneration of the catalyst at 550 °C underfacomparison was made with catalytic pyrolysis of
cellulose in the presence of nanopowder aluminitanate under the same conditions. The results
are shown in Table 4.2.6.

The quantity of LAC recovered from the bio-oil wast significantly reduced after repeated
pyrolysis/regeneration steps of Sn-MCM-41. Thelahit AC yields obtained with fresh Sn-MCM-
41 (5.7% and 5.9%) remained almost constant afiterrecycling steps. LAC yields with

regenerated nanopowder aluminium titanate werecestifrom 6.2% to lower values (3.6-4.5%).

4.2.4 Conclusions

Cellulose, as well as pre-treated biomass, couldids®l as a source of anhydrosugars. Besides
levoglucosan, uncatalyzed pyrolysis product of utefle, obtainable with 10-20% yield, other
functionalized anhydrosugars can be obtained bygusietal containing mesoporous catalysts.
Analytical pyrolysis confirmed its reliability asrapid tool for screening the performance of active
solids to be employed in catalytic pyrolysis. Thgperiments performed with cellulose indicated
that mesoporous materials with relatively high acef areas favour acid catalysed reactions
promoting the formation of LGO and LAC, valuable Itifunctional G monomers. In particular,
LAC yields around 5% comparable to those observigld manopowder metal oxides were obtained
using MCM-41 catalysts doped with Mg, Ti, Sn or Zr.

The results relative to LAC and LGA obtained withalytical pyrolysis were confirmed in the case
of Sn-MCM-41 by preparative pyrolysis experimenitsfact, a pyrolytic oil depleted in LGA and
enriched in LAC was formed with this catalyst. Maver, these experiments showed that Sn-
MCM-41 can be reused up to six times without sigaift loss of activity as measured by the
guantity of LAC recovered from the oil. The perf@nce in terms of LAC production was similar
or even better to that with nanopowder aluminiutantte, but without the problems related to
handling dry nanoparticles.
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4.3. Carbon-negative bio-hydrogen and bio-fuels pro  duction through
pyrolysis of Chlamydomonas reinhardtii  by-product.

4.3.1 Introduction

The exploitation of algal biomass by means of phgtthesis for energy-related purposes is a
promising field of research. The great interesdlgal biomass arises from the greater light use
efficiency (about 5%, vs. 1.5% of terrestrial biasj the possibility of using marginal areas (e.qg.
desert and coastal regions), the possibility of lmomg algal cultivation with other processes (e.g.
wastewater treatment, GGequestration), the availability of a larger numiifespecies, and an
easier genetic manipulation for modifying algalrchigal composition or metabolisfi®
Chlamydomonas reinhardiis a widely investigated microalga for hydrogen
photoproductiorf??3°*3%"Recent developments, mainly in the field of ganetanipulation, have
made it possible to increase both hydrogen outpdiita production rate, but further advances are
expected in the next futuréh392303

In addition to hydrogen, the process also invothesproduction of a variable amount of algal
biomass by-product§? At the current state of the technology, the vaation of side-products
could be a key point in the maximization of thergeéc yield of the process and in reducing the
price of photo-biogenic hydrogéff To obtain further energy output, biomass can begssed by
means of the extraction and transesterificatioalgédl lipids to produce biodiesel, leaving a lipid-
free extraction residue which can be used as arigedlor be anaerobically digested into bio-
gas>% Moreover, pyrolysis of the extraction residue copbssibly represent another (alternative)

way to further recover energy and mateffalPyrolysis of microalgae as well as pyrolysis of

2% N. Rosenberg, G.A. Oyler, L. Wilkinson, M.J Béiangh. A green light for engineered algae: redingct
metabolism to fuel a biotechnology revolution. C@pin. Biotech. 19 (2008) 430-436.

2995, Kosourov, A. Tsygankov, M. Seibert, M.L. GhirarBlustained hydrogen photoproduction@®ylamydomonas
reinhardtii: effects of culture parameters. Biotechnol. Biaefy(2002) 731-740.

3093, Kosourov, A. Tsygankov, , M. Seibert, M.L. Ghitia Hydrogen photoproduction under continuousnilination
by sulfur deprived, synchrono@hlamydomonas reinhardtiultures. Int. J. Hydrogen Energ. 27 (2002) 123941
391G Torzillo, A. Scoma, C.Faraloni, A. Ena, U. Johiagmeier. Increased hydrogen photoproduction bynsied a
sulfur-deprived Chlamydomonas reinhardtii D1 pnoteiutant. Int.. J. Hydrogen Energ. 34 (2009) 452964

307C. Faraloni, G. Torzillo. Phenotypic characteriaatand hydrogen production i@hlamydomonas reinhardi@g
binding D1 protein mutants under sulfur starvaticmanges in chlorophyll fluorescence and pigmentgmsition, J.
Phycol. 46 (2010) 788-799.

3933.B McKinlay, C.S Harwood. Photobiological prodoetiof hydrogen gas as a biofuel. Curr. Opin. Bibté&xd
(2010) 244-251.

0. Kruse, B. Hankamer. Microalgal hydrogen procarctiCurr. Opin. Biotech. 21 (2010) 238-243.

3W.A. Amos. Updated Cost Analysis of Photobiologieigidrogen Production frol@hlamydomonas reinhardtii
Green Algae. Milestone Completion Report, NatidRehewable Energy Laboratory, Colorado, USA (2004).
30%B, Sialve, N. Bernet, O. Bernard, Anaerobic digestf microalgae as necessary step to make miabhigdiesel
sustainable. Biotechnology Adv. 27 (2009) 409-416.

37D, Mohan , C.U. Pittman Jr., P.H. Steele, Pyrolgéi¥Vood/Biomass for Bio-oil: A Critical Review. Erg. Fuel. 20
(2006) 848-889.
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microalgal extraction residue, can produce a biovith a quality that is between petroleum tar and
bio-oil from lignocellulosic biomas¥2>*Moreover a large part of ashes and nitrogen can be
retained into bio-char, which could be used to mwprthe quality and productivity of soils, thus
contributing to the abatement of greenhouse gasgsnaking it possible to convert carbon-neutral
energy into carbon-negative bio-enefg$>**

Therefore this chapter focuses on a study of thkelyiand composition of biodiesel, bio-oil and
bio-char, which are obtainable frath reinhardtiibiomass collected after the production of bio-
hydrogen, by means of solvent extraction and lawperature pyrolysis of the extraction residue.
Different analytical techniques were applied foargcterizing bio-oil and for understanding the
bio-oil composition and the potential up-gradingttees (analytical Py-GC-MS) of the liquid fuel
obtained.

4.3.2 Materialsand methods

4.3.2.1 Chemicals

All solvents and chemicals used in this study wirined from Sigma-Aldrich, and were used
without purification. The Amberlyst® acidic resised for the methanolysis reaction was washed

twice with methanol (ratio 6:1 by weight) beforeeus

4.3.2.2 Microorganism and culture conditions

Chlamydomonas reinhardtijrowth has been previously described in detail tizillo et al 3

The strain L1591-N230Y o€. reinhardtiiis a D1 protein mutant that carries a double arairid
substitution, with leucine residue L159 replaceddmnyeucine, and the asparagines N230 replaced
by tyrosine®* The cells were grown in a Tris-Acetate-Phosph&fe®) medium in Pyrex Roux
bottles (Bibby Scientific, Milan, Italy) at 28°Cnd were exposed to a light intensity of 70 umol
photons rif s*, supplied on both sides of the photobioreactd0 @l glass columns with 5-cm

i.d). Cultures were bubbled with a mixture of ai®QV/v, 97/3). Cells were grown up to 1.35 g L
of dry weight, and then harvested by means of dagation (Beckman Coulter, model Avanti J-26
XP Centrifuge, USA). In order to remove sulfur, tetls were washed five times with a sulfur-free
medium (TAP-S).

308 Miao, O. Wu, C. Yang. Fast pyrolysis of microaégto produce renewable fuels. J. Anal. Appl. Pyfbl(2004)
855-863.

3%, Pan, C. Hu, W. Yang, Y. Li, L. Dong, L. ZhD. Tong , R. Qing , Y. Fan. The direct pyrolyais catalytic
pyrolysis of Nannochloropsis sp. Residue for rert@e/aio-oils. Bioresource Technol. 101 (2010) 458359.

319, Lehmann, S. Joseph. Bio-Char for Environmentaiagement, science and technology. Earthscan, 069§2
311y, Johanningmeier, S.Heiss. Construction Ghgamydomonas reinhardtinutant with an intronlegssbAgene,
Plant Mol. Biol. 22 (1993) 91-99.
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The sulfur-depleted cultures were placed in aglass photobioreactor (5-cm light path, 1.1 L
culture volume). The algal cells were exposed lighd intensity of 70 pmol photors™ s?, on

both sides of the reactor (Daylight, Dulux L, OsjaBExperiments were carried out at 28°C. Mixing
of the cultures was provided by a magneticfdaced at the bottom of the photobioreactor. The
hydrogen produced by the cells was measured aceptdiliteraturé’™? After the collection of
hydrogen, the spent biomass was harvested by no¢éaestrifugation and was then lyophilized.
The light conversion efficiency of the cultures veadculated as previously reported by Giannelli et
al. (2009)%*3

4.3.2.3 Lipid extraction and analysis

About 4 g of dried algal biomass was treated witloioform/methanol 2/1 (ratio 1:10 biomass to
solvent, g mLY) for 4 h under reflux conditions and stirring. Talgal biomass was then filtered out
and the solvent was evaporated under vacuum tadadlve algal oil. An aliquot of this oil (100
mg) was fractionated using column chromatograplik silica gel (60 mesh), and was then eluted
with 250 mL of chloroform, followed by 250 mL of lcnoform/acetone 4/1 and by 250 mL of
chloroform/methanol 1/1 in order to separate ndamppolar and highly polar lipids, respectively.
The lipids isolated in each eluate were weigheer dfte evaporation of the solvent.

The amount of free fatty acids (FFA) in each fraictivas determined by means of silylation and
GC-MS analysis. An aliquot of algal oil (about 5)weas spiked with an internal standard solution
of tridecanoic acid (0.1 mg, 0.1 mL at 1 mg Trib ethyl acetate), 200L of bis-
trimethylsilyltrifluoroacetamide containing 1% afrhethylchlorosilane and 10L of pyridine. The
total amount of fatty acids (TFA) in each fractigine sum of the FFA and the acylglycerols) was
determined by following the procedure reported biplti et al. (2005): abotmg of oil were
refluxed for 10 min with 4 mL methanolic NaOH 0.5 When, 5 mL of methanolic BRvere

added, and the mixture refluxed for 2 min followsdthe addition of 10 mL af-hexane. After
cooling, a saturated NaCl aqueous solution wasdaddder stirring; the hexane layer containing
fatty acid methyl esters (FAMES) was then separaed was dried over anhydrous sodium sulfate.
Tridecanoic acid was utilized as an internal stashdiar quantification of FAMESs. The relative

response factors used for the quantitation weraiodd by injecting solutions of known amounts of

3125, Kosourov, M. Seibert, M.L. Ghirardi. Effectseftracellular pH on the metabolic pathways in sutfeprived, H
producingChlamydomonas reinhardtiiultures. Plant Cell. Physiol. 44 (2003) 146-55.

*13_Giannelli, A. Scoma, G. Torzillo. Interplay beterelight intensity, chlorophyll concentration andtare mixing
on the hydrogen production in sulfur-deprivedlamydomonas reinhardtiultures grown in laboratory
photobioreactors. Biotechnol. Bioeng. 104 (200906
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tridecanoic acid methyl ester and commercial FAMiEs. The quantitation of FAMEs was
performed on total ion current (TIC) peak areas.

All extraction and analysis procedures were peréatnm triplicate. Triacylglycerols were
calculated on the basis of the difference betwdeh dand FFA.

4.3.2.4 Pyrolysis of algal residue after lipid eadtion

The algal residue remaining after solvent extractias subjected to a bench scale pyrolysis, using
an apparatus described in detail in a previous W3tk consisted of a sliding sample carrier in a
heated quartz tube connected to ice traps andlmgehamber. The quartz tube was heated by a
cylindrical co-axial furnace and purged by 1.5 Lnthnitrogen flow. Samples were moved in the
heated zone of the quartz tube and were heatée attolysis temperature.

Duplicate bench scale pyrolyses were performe8 grof sample, at 350°C (temperature of the
reactor walls) for 20 min. This process producdigaly viscous liquid that was firstly dissolved

into 10 mL of acetone and then recovered by evajporaf the solvent under vacuum at 40°C.

4.3.2.5 Characterization of pyrolysis oil

The water content of the pyrolysis oil was deteediby means of Karl-Fischer titration. The
analytical characterization of the organic fractweas based on the solvent fractionation procedure
developed by Oasmaa et al. (2088)The water-insoluble fraction (which is called “pigtic

lignin” in the case of bio-oil from terrestrial pis) was determined by means of precipitation with
ten-fold excess water added to an aliquot of niabib. The precipitate was then centrifuged and
filtered, dried overnight at 40°C under nitrogeowf| and finally weighed.

The aqueous layer contained sugars (anhydrosuymaysaccharides and oligosaccharides), as well
as other water-soluble components.

The procedure for determining oligo- and polysaddes has been described by Busetto et al.
(2010)3'® Briefly, polysaccharides and oligosaccharides wee¢hanolyzed by stirring 2 mL of 3%
methanolic bio-oil solution over Amberlyst® (0.5&f)64°C for 24 h. Then, 1QQ of the

methanol solution were evaporated under nitrogeoah temperature, and the residue was

dissolved into acetonitrile prior to analysis. Adhgsugars and methyl-O-glycosides were

314D, Fabbri, C. Torri, I. Mancini. Pyrolysis of celbse catalysed by nanopowder metal oxides: praztueind
characteriation of a chiral hydroxylactone anddle as building block. Green Chem. 9 (2007)1374913

315 A, Oasmaa, E. Kuoppala. Solvent Fractionation Metwith Brix for Rapid Characterization of Wood Fas
Pyrolysis Liquids. Energ. Fuel 22 (2008) 4245-4248.

319_. Busetto, D. Fabbri, R. Mazzoni, M. Salmi, C. fip¥. Zanotti. Application of the Shvo catalystfiwmogeneous
hydrogenation of bio-oil obtained from pyrolysiswalfiite poplar: New mild upgrading conditions. F@él(2010) 1197-
1207.
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determined by GC-MS after trimethylsilylation okthio-oil dissolved in acetonitrile, using
methyl-I-arabinopyranoside as the internal standard.fifta¢ amount of oligosaccharides was
determined by subtracting the content of free andsuars from the total value of methyl-O-

glycosides obtained after hydrolysis.

4.3.2.6 Elemental analysis, higher heating valuss 8EM

The elemental composition of dry spent biomassives(sampled at the end of the hydrogen
production), extraction residue, bio-oil and biackvas determined using an elemental analyzer
(Carlo Erba Instruments, NA 1500, Series 2), bymsea# the flash combustion technique.

Ash content was obtained after 6 hours calcinataargb0°C. The elemental composition of
pyrolysis gas was back-calculated from the masanisal of each element, according to the

following formula:
%Xgas (Y0Xextraction-residue (Y0 Xpio-oir" Yi€ldpio-oil + ‘%Xbio-char'Yie|dbio-chaa)'Yieldgas_l

where %Xas %Xextraction-residue Y0 Xbio-oil, aNd %X%i0-charare the mass percentages of the element in

gas, extraction residue, bio-oil and bio-char, eesipely; Yield,ooi, Yieldpio-charand Yieldas are

the mass yields (w/ampid Of bio-oil, bio-char and gas, respectively.

The higher heating value (HHV) of each pyrolysisduct was calculated from its elemental

composition by means of the following equatith:
HHV=0.3491C+1.1783+0.10055-0.10340-0.015IN-0.0211A (MJ kg-1)

This formula is valid in the following intervals%®< C < 92%, 0.43% H < 25%, 0%< O < 50%,
0%< N < 5.6%, 0% S< 94%, 0%< A < 71%, 4.7MJ kg< HHV < 55.3 MJ kg where C, H, O,

N, S and A represent the carbon, hydrogen, oxygi&gnogen, sulfur and ash content of the material,
expressed as mass percentage on a dry basis.

SEM pictures of the bio-char sample were obtainedding a Philips XL20 or a JEOL JSM-6300F

FEG instrument after gold coating.

4.3.2.7 Py-GC-MS test of catalytic upgrading ofgbysis oil
The pyrolysis unit was a CDS Pyroprobe 1000 pysealysonnected to a Varian 3400 gas
chromatograph equipped with a Varian Saturn 200€srspectrometer.

3175 A. Channiwala, P.P. Parikh. A unified correlatfor estimating HHV of solid, liquid and gaseousls. Fuel 81
(2002) 1051-1063.
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A weighed amount of sample (2h@ of sample 475Qg of H-ZSM-5 zeolite) was introduced into

the quartz tube, and held by quartz wool at thedteigortion of the tube. Analytical pyrolysis were
conducted as shown in previous chapters.

Calibration were performed by external calibratiobtained by injection of toluene solution in

ethyl acetate in the same system used for pyrolg&sbon yields were calculated by mean of
knowing the elemental composition of analytes aridfemdstock tested in the Py-GC-MS

comparison.

4.3.3. Resultsand discussion

4.3.3.1 Hydrogen production

Data on the hydrogen production achieved with th&9-1230Y strain are summarized in Table
4.3.1.

Table 4.3.1: H, production attained witl®. reinhardtiimutant strain L1591-N230Y under standard

conditions (12 mg t chl, 70umol photons rit s*, supplied on both sides of the reactor).

Parameters Units Values
Total H, output ml L 504422
Length of B production phasé¢h 100£15
Mean H production rate ml t h? 5.04+0.35
H, maximum production rate| ml L™* h* 10.5+1.47
Light conversion efficiency % 2.66+0.11

The mean hydrogen output was 504+22 mi(inean + standard deviation), and was obtained
within 100 hours of production. Similar amountshgtirogen were also obtained by Kruse et al.
(2005) with an engineerdd. reinhardtii strain, but over a much longer production perit@ {5
days). The hydrogen output achieved with our musgnain was about 6 times greater than what is
usually reported with the CC-124 strain, whichxgeasively used worldwide for experiments in
hydrogen productiof?®3%38 | ight conversion efficiency achieved with this tant was 2.66% of
PAR (photosynthetically active radiation), and i@snd to be considerably higher than the one
reported by Fouchard et al. (2008)However, it must be pointed out that the hydrogen
performance of th€. reinhardtii mutant strains could be further improved, sithe®retically

achievable light conversion efficiency is considetre be about 10% of solar light. The spent

318 A, Tsygankov, S. Kosourov, M. Seibert, M.L. GhitaHydrogen photoproduction under continuous iliuation by
sulphur-deprived, synchrono@hlamydomonas reinhardtiultures. Int. J. Hydrogen Energ. 27 (2002) 123941
3193, Fouchard, J. Pruvost, B. Degrenne, J. Legtandstigation of H production using the green microalga
Chlamydomonas reinhardyiin a fully controlled photobioreactor fitted witin-line gas analysis. Int. J. Hydrogen
Energ. 33 (2008) 3302-3310.
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biomass collected was 0.54+0.01 ¢ [This means that about 12 g of spent biomass prexced
for each gram of bio-hydrogen (about 11 mL at stat@onditions for temperature and pressure,
STP).

4.3.3.2 Lipid yields and composition

The total lipid content of th€. reinhardtiiD1 mutant after photo-biological production was2%

on a dry weight basis. The fractionation of theusiihg a chromatographic column made it possible
to separate non polar lipids (e.qg. triacylglycerélem more polar lipids (e.g. glycolipids,
phospholipids and ceramides). GC-MS analysis aft@ation provided information on the amount

of FFA in each fraction, whereas GC-MS analysisrdfiansesterification gave TFA (Table 4.3.2).

Table 4.3.2: Composition ofC. reinhardtiioil, obtained by solvent extraction of biomasdexikd

after hydrogen production.

Eluting solvent Compound class Conc. (%) TFA® FFA®

% W/Woil % W/Wiraction %0 W/Wir action
Hexane Phytols 3.3 - -
CHCl; Triglycerides 21 95 -
CHCIy/Acetone Polar lipids 39 63 26
CHCl/Methanol  Highly polar lipids 37 39 -

2pbtained by transesterification and GC-M8btained by silylation and GC-MS.

Oil extract was composed of 3.3% wivef phytols, 21% w/w; of triglycerides, 39% of polar
lipids and 37% w/w; of highly polar lipids. This last fraction, whiatas eluted with a mixture 1/1
of chloroform/methanol, contained only 39% of Tkd for this reason should be considered
barely “lipidic”. This finding revealed a relatiwelarge amount of high-polarity lipids in the
extract, as compared with typical biodiesel feecls{e.g. edible oils mainly consisting of
triglycerides). The FFA content in the algal oD% w/w;) made this feedstock unsuitable for
transesterification into biodiesel using convemailcalkali-catalyzed procedures. In this work,
therefore, a methanolic NaOH followed by methanBlkg procedure was used for the
transesterification of both FFA and bounded FA. fihal biodiesel yield was 8.7£1% Wh#mass
The biodiesel consisted of 41% saturated fatigres53% mono unsaturated fatty esters, and 7.2%
polyunsaturated fatty esters (mainly linoleic acih)is meant that the methyl esters mix could be

considered suitable for biodiesel in accordanck viatJ standard EN 14214.
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The amount and type of lipids obtained in this wadee almost similar to those of data in the
literature relative to this algal species afterfoggn productiori?’ This indicates that, despite some
mass loss (cell disruption) during the transfemadroalgae to a sulfur-depleted medium and during
the hydrogen production phase, the compositioipafd remains the same.

4.3.3.3 Pyrolysis of extraction residue

For the conversion of extracted biomass into Iarcbio-oil and pyro-gas, low temperature
pyrolysis (350°C) was performed, mainly with thenaf enhancing the ash and nitrogen partition
into bio-char, as well as to avoid an extensivenfation of hydrogen cyanide during the
process?2t310

Figure4.3.1: SEM micrographs of bio-char obtained by pyrolysi€. reinhardtiiextraction
residue at 350°C.

Img 15.0kV. x78 100pum ==

The mass yields of bio-char, bio-oil and gas (irdansable compounds, lighter compounds, and
part of the water lost in solvent evaporation, gkted as difference) were 44+1%, 28+2% and
28+1%, respectively. The ash content in the biasclvhich was obtained by means of combustion
at 700°C, was 45+5% on weight basis. On an ashkfases, the mass yields of bio-char, bio-oil and
gas were 24+5%, 38+9% and 36x1%, respectively.38% bio-oil yield was lower than the one

obtained from pure cellulose (46+1%) using the segaetor’*but it was in agreement with

320, Tatsuzawa, E. Takizawa. Fatty acid and lipichposition of the acidophilic green alga Chlamydoa®sp. J.
Phycol. 32 (1996) 598-601.

3213, Giuntoli, W. De Jong, S. Arvelakis, H. Spligithé\.H.M. Verkooijen. Quantitative and kinetic TEFIR study of
biomass residue pyrolysis: Dry distiller's grainghasolubles (DDGS) and chicken manure. J. AnaplAPyrol. 85
(2009) 301-312.

124



Grierson et al*??

who reported a bio-oil yield from high nitrogemt¢ent microalgae that was lower
than those obtained from lignocellulosic biomass.

Bio-char was the principal pyrolysis fraction; d@rsisted of large aggregates about 1044dn

size and with a Jsm irregular porosity, and with no record of thegoral physical structure
observable. These features are different from tbhd®#-char from lignocellulosic biomasses,
which maintains the original ordered structure.(eugod vessels) under conditions of low-

temperature pyrolysis?

4.3.3.4Elemental analysis of extraction residue and pys@lyractions
Table 4.3.3 shows the elemental composition oftgal residue after solvent extraction and of
each pyrolysis fraction produced.

Table 4.3.3: Elemental composition of feedstock and pyrolysestions.

C 0 N H S ash  HHV?

(MJ/kg)

Extracted residue 35:0.2 3520.6 5.1¢0.25.720.2 0.19+0.01 204 15:0.4
Char 40+0.1 9.3+0.2 5.3+0.1 1.4+#0.1 <0.1  45+9 1302
Bio-ail 54+1  33+2 5.420.96.7:0.1 0.53+0.02 <0.1 23+0.6
Gas 9+0.3 7448 4.5+1  12+1 0.1920.02<0.1 10+0.6

2expected HHV calculated from elemental compositibhe gas elemental composition and HHV

were calculated on the basis of difference as destin Material and Methods.

As expectedC. reinhardtiiresidue showed a higher nitrogen content (4.4%Dthan that of most
terrestrial lignocellulosic biomasses (e.g. coovet 0.7%, poplar 0.5%, sweet sorghum 1%, and
switchgrass 0.3%) tested in chapter 3.1. Solvetnaetxon residue was found to be even more
enriched in nitrogen (5.1+2%) than the parent ni@teFhe elemental composition of bio-oil (54%
carbon, 33% oxygen, 5.4% nitrogen, 6.7% hydroges8% sulfur, expressed as wlywi) and the
HHV(23+0.6 MJ kg') were similar to those obtained by Pan et al. (3@ means of 400°C
pyrolysis onNannochloropsis sgxtraction residug’

Bio-char was found to be heavily enriched with astl carbon, whereas volatile products (bio-oil
and gas) showed a large oxygen and sulfur cortéoreover, from the elemental analysis, gas was
especially enriched in oxygen (75+8% wii)), while nitrogen showed a similar concentration in
both bio-char and volatile fractions (around 4-5¢aleight for each product). It is interesting to

note that, from an agronomical point of view, bleacfrom microalgae is enriched in nitrogen, and

3223, Grierson, V.Strezov, G. Ellem, R. Mcgregoitdrbertson. Thermal characterization of microalgager slow
pyrolysis conditions. J. Anal. Appl. Pyrol. 85 (Z)(18-123.
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could be exploited as a slow nitrogen-releasinga®oto the soil.

By combining the data relative to the elementalcemtration and yield of pyrolysis fractions, it is
possible to establish the “flow” of elements caulggyrolysis towards the three pyrolysis
fractions (bio-char, bio-oil and gas) (Figure 4)3.2

Under the conditions selected in this study (35p9€®lysis), all ash content was retained within
bio-char. More than half of the carbon in the feeds was partitioned into bio-char, whereas less
than 8% of the carbon ended up in gas. Bio-chdrorayield was higher than that observed (on an
analytical scale) for the low temperature pyrolyfiserrestrial biomass of chapter 3.1, which also
had a relatively low nitrogen content (0.3-1% wéwasy and a moderate ash content (2-5%
W/Whpiomasg- This could confirm the positive correlation betm nitrogen content and bio-char yield
that was observed for terrestrial biomasses irstindy shown in chapter 3.1.

Figure 4.3.2: Partitioning of feedstockQ. reinhardtiiextraction residue) volatile elements and ash

into bio-char, bio-oil and pyro-gas produced thiopgrolysis; bars represent standard deviation

(n=2).
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Bio-char, gas and bio-oil stored, respectively,dbi6+0.3%, 26+£1% and 28+1% of pyrolyzed
nitrogen. Oxygen and sulfur behaved in a similay:waey were mainly (oxygen) or almost totally
(sulfur) partitioned into bio-oil and gases.

In conclusion, the elemental balance indicated lthattemperature pyrolysis is a suitable technique
for producing nitrogen-enriched bio-char for smhditioning and carbon storage, as well as an
ash-free liquid with improved HHV.
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4.3.3.5 Pyrolysis oil chemical characterization

Algal bio-oil was subjected to further investigatid he results obtained from the chemical
characterization are shown in Table 4.3.4. Thadiguoduct (containing 13+2% of water) was
fractionated into a water-soluble fraction (60+7%wy.-oil), water-insoluble fraction (26+8%

W/Whio-oi), @and insoluble solids (insoluble both in chlomficand in water, 0.4+0.2% W#.oil)-

Table 4.3.4: Concentration of the major constituents of thedilabtained after pyrolysis at 350°C

of C. reinhardtiiextraction residue.

Bio-oil Fractions

%

W/Whio-oil
water 13+2
water-soluble 60x7
water-insoluble 2618
insoluble solids 0.41£0.2
Quantified compounds %

W/Whio-gil
5 sugar oligomers and polymérs 18+0.5
1,6-anhydro-3-glucopyranose 7.1+0.2
other anhydrosugars 1.7+1.1
1,6-anhydro-3-glucofuranoside 0.9+0.2
1,4:3,6-dianhydraxglucopyranose 3.9£2.8
levoglucosenone 1.5+1
furfural 0.7+0.4
glycerol 1.6£0.2
lactic acid 0.21+0.1
2-furancarboxylic acid 0.18+0.1
imidazole 0.20£0.1
3-hydroxy pyridine 0.26%0.1
2-methyl-5-hydroxypyridine 0.27+0.1
pentadecanenitrile 0.34+0.1
> 2,5-diketopiperazines 4.1+2
p-methylphenol 0.13+0.01
1,2,3-trihydroxybenzene 0.12+0.01
> phytols 0.55+0.01
> free and bounded fatty acids 4.8+2
> GC detectable unknowns 1245
Total identified compounds 71

@Sum of sugar polymers and oligomers susceptibieethanolysis, obtained by difference between
methyl-O-glycosides detectable after methanolyséalylation of the oil, and anhydrosugars

detectable by silylation of the oflcomprising all quantified compounds and water.

From a molecular point of view, bio-oil was maifidymed of carbohydrates produced by pyrolysis,
such as anhydrosugars, oligo- and polysacchariti#edtable as additional methyl-glycosides after
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methanolysis and silylation), and a relatively draalount of nitrogen-containing GC-detectable
pyrolysis products from proteins, mainly 2,5-dikafmerazines (4.1+2 % wiy..i) and aromatic
heterocycles (about 2% wWjuLi). Alkylnitriles, phenols, and fatty acids werealtetected. It is
interesting to note that the elemental nitrogernt@anof bio-oil (5.4+0.9%) was greater than that
expected from the contribution of nitrogen contaghcompounds detected by GC-MS (about 1-
2%). This finding suggests that there is an impuriaction of the total nitrogen retained by high
molecular weight compounds (not detectable, evsityifated, by GC-MS) or by unidentified
compounds.

Several compounds detected by means of differentadzation techniques (silylation or
methanolysis followed by silylation) were watertdak (e.g. levoglucosan, glycerol,
oligosaccharides, imidazole), whereas only very &¢them were water-insoluble (e.g. free and
bounded fatty acids, phytols and alkylnitriles).

The presence of a large amount of non GC detectedtier-insoluble matter was rather surprising.
In the case of terrestrial plants, this fractioad¢sounted for lignin degradation products and
hydrophobic compounds (e.g. extractives). In osedae chemical nature of this fraction is
unknown. Lipids, in fact, were solvent-extractetpto pyrolysis while lignin is notoriously
absent in microalgae.

Due to its chemical composition, the bio-oil ob&drfrom extracted residue pyrolysis is not
suitable as fuel; however, according to the literatit could be easily cracked into aromatic
hydrocarbons over zeolites (with the removal ofgety and nitrogen), since the elemental ratio
(C+H)/(O+N) of bio-oil is relatively high and theater content is relatively lo#?>*°*The absence
of high concentrations of phenols and lignin detixes, typical of terrestrial biomass , is also
advantageous, since the most effective catalystionoil upgrading (zeolite H-ZSM-5) is highly
sensitive to lignin-derived compounds, which clbg pores and thus reduce the effectiveness of the
conversiort>* For this reason the Chlamydomonas reinhardtiitestes as feedstock using
analytical pyrolysis and comparing with other faedk. Interestingly, from this analysis an entirely
aromatic GC-detectable product, with almost toliahi@ation of nitrogen fuel were obtained.
Absolute carbon yield of aromatics (figure 4.3.2rwv/less than that obtainable by pyrolysis of
hydrocarbons feedstock 4§14 ), but similar to those obtained by pyrolysis géiftogenated bio-

oil or pure cellulose, indicating a relatively highality of this feedstock.

32T A. Milne, R.J. Evans, N. Nagle. Catalytic corsien of microalgae and vegetable oils to PremiuradBiae, with
Shape-Selective Zeolites, Biomass 21 (1990) 219-232

32A.G. Gayubo, A.T.Aguayo, A. Atutxa, B.Valle, J. Bo. Undesired components in the transformatidsiavhass
pyrolysis oil into hydrocarbons on an HZSM-5 zemliatalyst. J. Chem. Tech. Biot. 80 (2005) 12444125
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Figure 4.3.3: carbon yield (Gromatid Creedstoc) Of aromatic compounds obtained by catalytic ciragk
of Chlamydomonas reinhardtii bio-oil (C.R. bio;oid bar), poplar bio-oil, hydrogenated poplar
bio-oil ((H)Bio-oil) on ZSM-5 (bars shows standateviation, n=5).
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4.3.3.7 Evaluation of output of photobiologicatihygen production integrated with solvent
extraction and pyrolysis.

An overall balance of the combined biological, cieahand thermochemical processes can be
calculated from the hydrogen and residue yieldsyedbas from the yields and compositions of
extracted material and fractions from pyrolysigufe 4.3.4 shows the percentage mass, energy,
and carbon output of the bio-photolysis processhinad with lipid extraction and pyrolysis.
Hydrogen production represents a lesser amouetinst of mass (only 8+0.3% of the total), but a
relatively large amount of energy (40+2.5% of thtadainly thanks to the high energy content of
hydrogen. In any case, it is clear that, after pbmiogical hydrogen production, spent biomass
retains a large amount of both mass and energyl@23 mass and 58+0.6% of energy). Part of
this mass and energy could be recovered in the édreonventional bio-fuel by means of solvent
extraction followed by biodiesel production (8.5tb¥% a mass basis and 12+2% on an energy
basis), but another large part (extraction resid@3+2% on a mass basis and 48+2% on an energy
basis) could be valorized by means of pyrolysis-&har is the largest system product on a mass
basis, whereas the bio-oil and pyro-gas energyectsproduced are comparable to that of
hydrogen. According to these data, bio-char usesbgonditioner (instead of using it as fuel)
involves a loss of 20+£1% of the maximum energy atthowever (see Section 3.3), this would
make it possible to temporarily store (e.g. ingamore than 44+2% of the carbon incorporated
during algae growth (Figure 4.3.4).
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Figure4.3.4: Percent distribution of mass, energy and carhaput among different final

products of the system; bars represent standatdtoev(n=2).
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Moreover, if bio-oil and bio-diesel are used aststg material for chemical synthesis (e.g. for
aromatic chemicals synthesis), a further carbop am be created, with enhancement of carbon

negative character of the hydrogen produced bytbeess.

4.3.4 Conclusions

Despite the limitations of the equipment used ia tork (fixed bed reactor), solvent extraction
followed by low-temperature pyrolysis demonstrateat the partial separation of carbon and
energy is feasible by means of the production ofligisel, ash-free bio-oil with improved
characteristics (HHV and a composition compatibiga wpgrading), and carbon-rich bio-char,
which retains all feedstock ash. This means thaipichar from freshwater microalgae can be used
as a carbon storage material, pyrolysis could bebaoed with bio-hydrogen production in order to

obtain a set of potential carbon-negative bio-faeld chemicals.
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4.4. Evaluation of Pyrolysis coupled to soil carbon sequestration as
GHGs saving strategy in the Ravenna province (ltaly )

4.4.1 Introduction

Agricultural residues (ARs) represent an enormarban flow relatively easy to manageand
interesting for bio-energy and different geo-engiiteg options® Nevertheless, the removal of
ARs from soil it is a debated option, mainly due ttee risk of soil carbon decrease and
consequential fertility los¥’ The loss of soil carbon is a global issue thatigalarly affects the
Mediterranean area, exerting a potentially positieedback on global warming by higher
decomposition of soil organic carbdfi.According to the European Environment Agefityhe
areas with a very low organic carbon content (betw@-1 %) are mostly in the southern part of
Europe and correspond to areas with high soil enosates and warmer climates, classified as
sensitive area to desertificatidf!.Even if the current estimates of changes in sothen stocks are
characterized by high uncertainty, at the Europsaate soil carbon storage can produce a relevant
net yearly accumulation of carbon in soils,in taage of 1 to 100 million tor$! acting as a sink
for carbon. Thus, soil management practices ircatitire are an important tool to affect the carbon
stocks. In particular according to the European @ssion®* soil carbon stocks can be increased
on cropland by: (i) agronomic measures that in@elas return of biomass to the soil, (ii) no tikag
and residue management, (iii) water managemen i@nagro-forestry.

Beyond the well known practices, pyrolysis allowsttansform agricultural residues (ARS) into
bio-oil or syngas and high recalcitrant carbonasenatter (bio-char) that can be added to soil. Due

to the high stability of bio-char, the final effeadtits addition to soils is an artificial increasesoil

322).S Gregg, S.J. Smith. Global and regional potefatisioenergy from agricultural and forestry @hsé biomass.
Mitig. Adapt. Strateg glob change. 15 (2010) 242-26

3265 E. Strand, G.B. Benford. Ocean sequestrationagf esidue carbon: recycling fossil fuel carbonko@ deep
sediments, Environ. Sci. Technol. 43 (2009) 1000710

%D L. Karlen, R. Lal, R.F. Follett, J.M. Kimble, J.Hatfield, J.M. Miranowski, C.A. Cambardella, Aa¥ale, R.P.
Anex, C.W. Rice. Crops Residues: the rest of theysEnviron. Sci. Technol. 43 (2009) 8011-8015.

3% M. Cox, R.A. Betts, C.D. Jones, S.A. Spall, Tdrrerdell. Acceleration of global warming due #rlson-cycle
feedbacks in a coupled climate model. Nature 408@2184-187.

3Mntegration of environment into EU agriculture poli— the IRENA indicator-based assessment ref26 EEA
Report No 2/2006European Environment Agency; Copenhagen, Danmaf§;ASSN 1725-9177,
http://www.eea.europa.eu/publications/eea_repofi62@/at_download/file

#3%Mapping sensitivity to desertification (DISMED)n&l report European Environment Agency: European Topic
center: Terrestrial environment; Barcelona, Sp2098,http://www.eea.europa.eu/data-and-maps/data/diésztitn-
in-the-mediterranean-region

#1Review of existing information on the interrelatidmestween soil and climate change. CLIMSOIL finglae to the
European Commissioizuropean Commission (EC): Bruxelles, Belgium, 2009
http://ec.europa.eu/environment/soil/pdf/climsaiport dec 2008.pdf
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organic carbon faster than by mulching and nortiinagement>>* For this reason, converting
ARs into bio-char and bio-fuels could be a solutimn the “food, energy and environment
trilemma”, by stopping the carbon loss of soils ,aatlthe same time, accomplishing food and
renewable energy production in the form & @eneration bio-fuels.

Therefore, aim of this paper is the evaluationtokeé different ARs management strategies ((i)
open-burning (OB), (ii) mulching (MU) and (iii) bicharring (BC) through a simulation of soil
carbon evolution both for total (TC) and humic (HYMoil carbon content and through a
Greenhouse Gases (GHGs) balance over 100 yeasdén to obtain data with adequate spatial
resolution, the study was focused on the Italiaovipce of Ravenna, a relative small
administrative area (185.000 ha coast-to-hill grelaat could be used as an example for similar
regions throughout southern Europe.

4.4.2 Materialsand methods

4.4.2.1 Study area

The Province of Ravenna is located in the nortlpam of Italy, in the river Po plain. The area is

bounded on the east by the Adriatic Sea, on ththsesest by the Apennines mountains and by the
Lamone river on the northern side. The 26% of tte&a as located on low hills and the remaining

74% is a mainly flat area dominated by agricultum@plands and fruit farming areas represent,
respectively, the 50% and the 20% of the distantluse.

4.4.2.2 Agricultural residues availability and maygment strategies

The availability of ARs within the Ravenna distri@s been assessed through the use of local data,
334 national cens({®® and land use map3® The collected information have been condensedifiro

the use of ArcGis 9.2 ESRIsoftware, producing a spatial database on agui@llresidues, that
contains average annual ARs yields and averagetumn®igdor both biomasses. The biomasses
chosen as representative of the different typesultivations was “corn stover and similar” for the
cropping areas and “orchard pruning” (woody matgrar fruit farming areas and vineyards.

3323, Lehmann, J. Gaunt, M. Rondon. Biochar sequetrat terrestrial ecosystems- a review. Mitigatand
Adaptation Strategies for Global Change 11( 20@&3)}-427.

333 3. Lehmann. A handful of carbon. Nature 447 (200/3-144.

334 A. Buscaroli, A. Gagliardi. Censimento delle bi@sa della provincia di Ravenna. Internal repornt(e
Interdipartimentale di Ricerca per le Scienze Amtaé, Universita di Bologna, Ravenna, Italy, 2006.

332 y° Censimento dell’Agricolturdstituto Statistico Nazionale (ISTAT): Roma, §#taP001,
http://www.census.istat.it/index_agricoltura.htm

3¢ Carta dell'uso del suolo 2003: Coperture vettariaR25000; Regione Emilia Romagna-Servizio Sistemi informiativ
geografici, Regione Emilia Romagna: Bologna, It2Q06,
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Table4.4.1: Overview of biomass resources available.

Biomass Source Area (kha) ARsyield(t dry/ha) ARs(kt dry)
Corn stover and 86.4 3.70+£1.49 320+129
similar

Orchard pruning 46.7 1.94+0.86 90+40
Total 133.2 410

Non managed natural productivity (NP) of agriciusystem (e.g leafs, roots, inter-row grassland
etc.) were included in the model. NP productivityasvextrapolated by manageable residue
productivity using literature coefficients’

Considered ARs management strategies (Figure 4verpB:

i) Open-burning (OB)

i)  Mulching (MU)

iii) Bio-charring (BC);

Figure4.4.1: General scheme of the three management optiongleoed by this study (arrows

indicate a material or energy flow). BC: bio-chag; MU: mulching, OB: open-burning.

BIO-CHAR Agricultural MULCH
Residues R

SOIL

Food ]
AT
<DQQ>

Solar Energy

The first strategy consists on the direct on fiefgen-burning of ARs, a common strategy for
orchard pruning management, and was used as reéeseenario for the work. This strategy was

assumed to determine a complete transformationoohdiss C into C®without any use of fossil

337 W. Fagi,L. Haib, S.Baosheng, W. Jian,W.J. Ghlet primary production and nutrient cycling in gypke orchard—
annual crop system in the Loess Plateau, Chinamgarison of Qinguan apple, Fuji apple, corn antetrproduction
subsystems. Nutrient Cycling in Agroecosystem$28D8) 95-105.
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energy (eradicated biomass are simply burnt withmotessing). In the MU strategy ARs are
chipped and leaved on the field, and a surplusrilizer was applied in order to maintain the C/N
ratio around 30 (as local best agronomic/composiiagtice suggests’J® The BC strategy consists
on ARs collecting, chipping, drying and pyrolysis order to produce bio-oil (used as energy
source) and bio-char. Subsequently the bio-chapdied to the same field that produced the ARs
and the fuels are burnt in order to replace fds&ils for producing heat. All the strategies assume
that the same management of ARs is carried outhéoconsidered period, on all agricultural area

of the Ravenna Province.

4.2.2.3. Soil modeling
The soil components have been modeled starting thempresent condition (soil carbon content)
and assuming the application of the products (matdbio-char) on the same fields of harvesting.
For calculation, total carbon (t fipat time zero was obtained from organic carborcentrations
assuming an organic layer depth of 0.3 m and arageesoil density of 1.45 tTh
The model used for simulating the soil carbon etvotuin soils has been built on the basis of the
RothC carbon modéf® using Matlab software. Main modifications of thegmal algorithm,
described in detail below, were:
* Inclusion of two bio-char compartments (degradanlé resistant bio-char), with specific
degradation proprieties, as a source of organitemat
* Interaction between bio-char and natural organidtenaand then a small effect on
developed C@(BIO+HUM) RothC ratio®**>*

» Modification of temperature and rainfall regime pyears due to global climate change.

4.4.2.4 Data requirement and main assumptions
The data required to run the model are reportadbie 4.4.2. The following main assumption on
data input were used:

» soil layer depth: all samples to be equal to 30 cm;

« average soil density of 1.45 tin

338 G.F.Huang; J.W.C. Wong, Q.T. Wu, B.B. Nagar. EffefocC/N on composting of pig manure with sawd\fgaste
Management 24 (2004) 805-813.

39D.S. Jenkinson. The turnover of organic carbonritrdgen in soil. Phil. Trans. R. Soc. Lond. B 32990) 361-
368.

30 G.N. Kasozi, A.R. Zimmerman, P. Nkedi-Kizza, B.dG&atechol and Humic Acid Sorption onto a Range of
Laboratory-Produced Black Carbons (Biochars). EmviSci. Technok4 (2010) 6189-6195.

314, Jin, J.Lehmann, J.H. Thies. Soil microbial camnity response to amending maize soil with maipgest
charcoal, Proceeding of 2008 international bio-dhitiative 8-10 september 2008, Newcastle, UK.
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» initial humic carbon content was considered to dpgaéto the total soil carbon measured by
RER (2004); this according to the fact that thd sarbon content is decreasing, and this
imply that major part of soil carbon consist in husn

* he ratio between stable and fresh biochars{B@BCresn ), Was assumed to be equal to 0.75,
according to other authdr8 and to the mean value predicted by py-GC-MS method
application of biochar in chapter 3.4 of this tsedBecause of the high importance of
understanding the role of this parameter within thechanism, this value has been

considered to vary uniformly between 1 and 0.5wuncertainty analysis.

Table4.4.2: Parameters used in the model

DATA SOURCE
CATEGORY PARAMETER UM
or REFERENCE
Climate and soil - Average monthly mean air °C 3
temperature
- Monthly rainfall mm month' | **
- Monthly open pan mm month" | 3%
evaporation
- Clay content of the soil %, mass | >*
fraction
- Total Carbon content of soil mg g 3
- Humic Carbon content of soij mg g* 100% so0ilC
hypothesis
- Depth of soil layer sampled cm 3
- 100 y average temperature | °C/ year 3.32°C/100 y*
change
- Long term average water | %/ year -13.2%/80 Y
runoff change
Cultivation and biomasg - DPM/RPM ratio 33
- Monthly input of non- t C ha' 341331

34Regional Environment Agency of Emilia Romagna (ARPR). DEXTER database (2006).

3437, Minchio, Evapo-transpiration in the “Quintobactn Internal report (2009) Centro Interdipartimdatdi Ricerca
per le Scienze Ambientali, Universita di BolognayvBnna, Italy, 2006.

***Emilia Romagna Region (RER) Geological departmBails of Emilia Romagna database (2007).
¥*9ntergovernamental Panael on Climate Change: Céiroaange 2001: synthesis Report, Contribution arkimg
groups LILIII to the third assessment reportha intergovernamental Panell on climate changeClRGambridge,
Cambrige Univeristy Press. UK.

3%R. Warren, N. Arnell, R. Nicholls, P. Levy, J. RridJnderstanding the regional impacts of climatnge: research
report prepared for the Stern review on the ecooswi climate change. Tyndall Centre, Norwich, L20@6).

347 A, Buscaroli, A. Gagliardi, Censimento delle biasa della provincia di Ravenna. Internal repornt(e
Interdipartimentale di Ricerca per le Scienze Amtaé, Universita di Bologna, Ravenna, Italy, (2006
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manageable plant residues
- Monthly input of manageable t C ha' 34141
plant residues
- Soil cover — coverage of the Agronomical
soil in the month. ,
pratice
Pyrolisis and biochar | - Biochar carbon yield 348,345
Cbiocha/ Cfeedstocb
- BCstabIJBcfresh ratio 39034
- Degradable Bio-Char (DBC) 1
degradation rate and dB&G:
- Resistent Bio-Char (RBC) S
degradation rate
- BCstanid BCrresh ratio Chapter 3.4 this
thesis

4.4.2.5 ldentification of reference elements

In order to produce more realistic forecasts, theaavas divided into 113 polygons, through
overlay of vectorial maps, within a GIS environmeltue to the fact that the modelling
assumptions are insensitive to the dimension oflsirelements, this classification has been
performed through the identification of elementatthre characterized by similar environmental
parameters (T, P, Clay%, o)C and meaningful administrative boundaries (bouiedarof

municipalities).

4.4.2.6 Model algorithm structure.

The soil components have been modelled starting ftte present condition (soil carbon content)
and assuming the application of the products (matdhio-char) on the same fields of harvesting.
The model used for simulating the soil carbon ettoiuin soils has been strictly built on the basis

of the RothC carbon mod&f, using Matlab™ software. Main modifications weifee inclusion of

348 K.G. Roberts, B.A. Gloy, S. Joseph, N. R. Scott,ehmann, Life Cycle Assessment of Biochar Systems
Estimating the Energetic, Economic, and Climater@eaPotential. Environ. Sci. Technol., 44 (2010§-8333.

349 C.Torri, A. Adamiano, D.Fabbri, C. Lindfors, A. Mt, A. Oasmaa. Comparative analysis of pyroly§aten
herbaceous and woody energy crops by Py-GC witmiatemission and mass spectrometric detection nabof
Analytical and Applied Pyrolysis 88 (2010) 175-180.

30p A.Brownsort, O. Masek. Pyrolysis Biochar Syste@smparison of Climate Change Mitigation EffectStow,
Intermediate and Fast Pyrolysis Processe8 FlBopean biomass conference and exhibition, Ly@msay 2010, 956 —
960.

%1y. Hamer, B. Marschner, S. Brodowskib, W. Amelumgeractive priming of black carbon and glucose
mineralisation; Organic Geochemis8§ (2004) 823-830.

%2 C-H Cheng, J. Lehmann, M.H. Engelhard. Naturatlation of black carbon in soils: Changes in molacédrm and
surface charge along a climosequence. GeochimiCaghochimica Acta 72 (2008) 1598-1610.
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the bio-char compartment as a source of organitemaind the modification of temperature and

rainfall due to climate change.

Figure 4.2.2: Basic modified RothC model scheme.

* AGRICULTURAL
RESIDUE

The RothC model assumes a monthly input of plasitives to soils; in this work, the plant material
input is considered to be composed by two categotizge non-manageable residues and the
manageable residues, representing respectivelyntbening plant material due to roots and leaves
that directly goes into soils and the residues thatbe treated and added or not to the soil ¢(im fo
of mulch or biochar) according to the defined sigat

In order to model the soil carbon turnover, in tivark it was assumed that there are six major
carbon compartments in soils, arising from the trgfyplant materials: degradable bio-char (DBC),
resistant bio-char (RBC), degradable plant ma@d#?N]), resistant plant matter (RPM), microbial
biomass (BIO) and humus (HUM). As in the originatRC algorithm, all carbon compartments
degrade by a specific degradation rate with a mgritine step, producing COhumic material
(HUM) and microbial biomass (BIO) (Figure 4.2.2).

The BIO/HUM ratio from DBC and RBC (Figure 4.2.2shbeen assumed to be equal to the RothC
model assumption (46% microbial biomass and 54%usynOn the contrary, the soil respiration
ratio (Eq. 1) (Figure 4.4.2) was developed on thsidof an empirical relationship, taking into
account the physical-chemical effect of biochartlmnorganic matter. This relationship is built by
assuming an effect of bio-char on the soil respinatatio similar to the effect of clay (stabilizat

of natural organic matter exerted by adsorption r@aiction of bio-avalability of substances), but

137



considering a scaling factor derived from the dffat soil respiration exerted by biochar to mineral
SO“ 353,354

€O - 3094 267w 0 (Eq.1)
(HUM +BIO)
Wherec is the mass percentage of clay in the Bois the amount of bio-char carbon expressed as
ton ha'.

In basic alghoritm iteration, the soil organic aantof the i-compartment at time t+1 (monthly time
step), is described in Eqg. 2:

SOGy =M; 150G, +Ry  (EQ.2)

SOQG is the soil organic carbon of theompartment (DPM, RPM, BIO, HUM, RBC, DBC);

M is the transition matrix of thecompartment; R is the organic matter input at time t.

4.4.2.7 Decomposition of compartments.

If an active compartment contains Y t C'hthis declines to Y &0t C hat at the end of the
month.tis 1/ 12, sinc&is based on a yearly decomposition rate.

So Y (1 - &V js the amount of the material in a compartmeat tecomposes in a particular
month, where:

a(i) is the rate modifying factor for temperature faatthompartment (Table 4.4.3);

b is the rate modifying factor for moisture, assurtteglsame for each compartment;

cis the soil cover rate modifying factor, assuming same for each compartment;

k (i) is the decomposition rate constant for that compamt (Table 4.4.4).

Table 4.4.3: Decomposition rate used for each compartment

Compartment Rate modifying factor function
for temperature (@

. a(i)=0.3144.@1217%N
RBC a(i)=0.3144.@121791
DPM a(i)=47.9/(1-&06/(T+18.3)
RPM a(i)=47.9/(1-8%/0+183)
BIO a(i)=47.9/(1-806/T+18:3)
HUM a(i)=47.9/(1-&05/(T+183

33G.N. Kasozi, A.R. Zimmerman, P. Nkedi-Kizza, B. G&@atechol and Humic Acid Sorption onto a Range of
Laboratory-Produced Black Carbons (Biochars). EmviSci. Technok4 (2010) 6189-6195.

%H. Jin, J. Lehmann, J.H. Thies. Soil microbial camnity response to amending maize soil with maipgest
charcoal, Proceeding of 2008 international bio-dhitiative 8-10 september 2008, Newcalste, UK.
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Table 4.4.4: Base decomposition rate used for each compartment
Compartment Base decomposition rate)Yk

DBC 0.07
RBC 7.5 -1d
DPM 10
RPM 0.3
BIO 0.66
HUM 0.02

The RothC factors for temperature effect were ueeall the components but biochar. The effect
of temperature on the biochar degradation ratemadgelled according to Eq. 3, on the basis of the
results of Chengt al®>°

Qe = 0.314408 21790 (Eq. 3)

Where: 8iochar represents the temperature-related factor, fobtbehar degradation ratio; T is the
average daily temperature. Considering the decoitipogates for all the compartments, for a
given month, it is possible to define a base deagrad vector, as:60BC; sRBC; 6DPM; RPM;
0BIO; 6HUM). In the modelling procedure, the equationstf@sDPM, 6RPM, 6BIO, SHUM were
taken directly from the RothC model, the decompasitate of DBC compartment was calculated
according to Eg..4 and the decomposition ratedRBC was directly taken from Chergg al.
(2008)3*°
dDBC = _9BCresn (Eq. 4)
1-BC, e
BCfresh
Where: BGesh represents the fresh component of biochagBerepresents the stable component
of biochar. As estimated in chapter 3.1, thesB@BCresn Was assumed to be equal to 0.75 on

average, varying uniformly between 1 and 0.5 inuheertainty analysis.

4.4.2.8 Data requirement and spatial zonation
The model input (climate maps, soil maps and residunaps) has been developed on the base of
existing data on temperature, rainfall, evaporatmay concentration, soil organic carbon content

and available ARs. In all the cases other than ARs map, the kriging®™®%*’ method for

%5 C-H. Cheng, J. Lehmann, M.H. Engelhard. Naturédation of black carbon in soils: Changes in molactorm
and surface charge along a climosequence. Geoch@hiCosmochimica Acta 72 (2008) 1598-1610.

39T Hengl, G.B.M Heuvelink, A.A. Stein. generic framawdor spatial prediction of soil variables based o
regression-kriging. Geoderma 120 (2004) 75-93.

®'DEXTER database d&egional Environment Agency of Emilia Romagna (ARER),
http://www.arpa.emr.it/sim/?o0sservazioni_e_datitdex
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interpolating data has been used in order to pmduaps from point data, through the use of
Spatial Analyst, within the ArcGis environment.

In order to identify meaningful areas with simifsarameters values, an intersection between the
parameters maps and the administrative boundafri@sioicipalities of Ravenna Province has been

carried out. As a result, 113 different elementsehaeen identified.

4.4.2.9 Green House Gases balance

The greenhouse gases emissions for each of thadeos$ strategies have been calculated
summing the emissions related to the energy prazhgftonsumptions activities and the £0O
emissions linked to depletion or enrichment of s@tbon pool. The efficiency of “ARs carbon
capture” was evaluated by dividing the £@ balance at a time by the €€aptured in ARs until
that time.

In particular, the “non carbon storage” effects tlu¢he BC strategy, have been evaluated through
the Biochar Energy, Greenhouse Gases and Econ®@BGGE) life cycle assessment inventory
analysis method™® In order to be consistent with the data invenfmgposed by the authors in the
BEGGE method, the same hypothesis on field operstithhermochemical processes efficiency and
dimension of the collection and application basgaahave been assumed.

According to the Robertst. af*® the net effect of the application of bio-char proed from ARs is
carbon negative and it is due to: the effect of rdduction of fertilizers needed, the use of the
syngas/bio-oil for heating purposes and the starkincarbon into soils, in the form of bio-char. In
order to allow the evaluation of the effect on time GHGs emission reduction potential, the
method proposed by Roberts ef&lhas been modified through the decay algorithmitfer‘stable
carbon” component (from soil carbon modeling).

The GHGs balance of the MU strategy was quantif@mutsidering the following processes and
sources: the biomass chipping (with energy consiamptthe application to soil, the supplemental
nitrogen fertilizers application aimed at creatamgoptimal C/N ratio into agricultural soils and a
slight increase of pD emission from soil, as reported by Larsson etal.

In order to quantify the net benefit of carbon segjration due to BC and MU, a comparison with
the reference scenario (OB strategy) was performed.

The equation used for quantifying the relative GH@Gsssion reduction for each strategy at time t,
when compared to the reference condition (OB gxatis reported in Eq. 5:

AGHGsy .08 = GHGSy 1 - GHG%s: (EQ. 5)

%9 . Larsson, M. Ferm, A. Kasimir-Klemedtsson, L.Kledtsson. Ammonia and nitrous oxide emission froasgand
alfalfa mulches. Nutrient Cycling in Agrosystems(3998) 41-46.
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Where

AGHGsy 08¢ represents relative net effect on GHGs emissionateah for the i-strategy, when

compared to the OB strategy;GHGsrepresents the net effect on GHGs for the i-styateg
GHGss represents the net effect on GHGs for the OBeggsat

The general equation used for quantifying the rifgtce on GHGs emission or reduction is the

following:

GHGS\],i,t: - GHG%,i,t + GHG%Yth + GHGS\,i,t (Eq 6)

Where: GHGg,; represents the net effect on GHGs for the i-styat€HGs: i represents the
GHGsemissionsdue to the processes that are included in eadieafdtrategies; GHGg represents
the effect of GHGstorace (Carbon storage) due to soil carbon dynamic inedlin the i-strategy
and the direct emission ofz,8 from soils; GHGg;; represents the effect of GHG@gopinG, due to
the substitution between conventional fuels andtetity production and energy from pyrolysis
and the avoiding of )0 emissions due to the reduction in use of fedibz(BC strategy).

Then, using Eq. 7, 8, 9 it is possible to derive Hy.

GHGs:,it = GHGS.FueLs,it  (EQ. 7)

GHGss 1= GHGs.cit + GHGS N20,it (Eq. 8)

GHG%it = GHGS\.FueLs it + GHGS\N20it (Eq. 9)

Where:

GHGsrueLs, trepresents the GHGsyssionsdue to use of fuels;GHGgs i; represents the effect of
GHGsstorace (carbon storage) due to soil carbon dynamic ire@lin the i-strategy; GHGS20,i t
represents the direct emission gfONfrom soils; GHGgrueLs it represents the GHGgoping due
to use of syngas/bio-oil as fuels; GHGSo i represents the GHGgoping Of N2O emissions due
to the reduction in use of fertilizers (BC stratggy

GHGsy,i 1= GHGSrueLsitt GHGS 20,1 + GHGSc it (Eq. 10)

In Table 4.4.5 are reported the coefficients usemhputs for Eq. 10 For all the strategies thé soi

carbon modelling was the base for evaluating th&&KEmission/storage in soil.
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Table 4.4.5: Data on GHGs emissions, by source and strateggpasfor Eq. 6

Strategy Biomass to GHGS\ruUELS GHGsw20,it GHGss.c,it
soil (A use of fossil (A soil N,O (Soil Carbon
yield fueld) emissions) storage benefits)
C/Ceesidue kgCOseq ton' kgCOseq ton*
Open-burning (OB) 0 0 0 Soil carbon
balance
(modeling)
Mulching (MU) 100% Corn & similar:  Corn & similar: Soil carbon
-31.6" 5.2 balance
Pruning residues: Pruning residues: (modeling)
-44.6' 5.6’
Bio-charring (BC) 42% Corn & similar:  Corn & similar: Soil carbon
215.3 59.8 balance
Pruning residues: Pruning residues: (modeling)
215.3 59.8

& kgCOeq emission due to process energy input (ivegalue) or output (positive value) of a ton
of dried residue® kgCO2eq emission due to variation isNproduction from soil due to mulching;
“negative value correspond to the reduction O Mmission from soil due to application of

biochar obtained from 1 dry ton of corn stover.

Data on processes emission factors, renewableepsrduction and reduced® soil emission
due to biochar application were mainly taken frévea BEGGE spreadsheet, proposed by Roberts et
al **and integrated with data on processes (pruninguesichipping), using the energy
consumption coefficients for tree chipping openagiérom Caserini et &F°

According to Eg. 10, the GHGs emissions relativhe®oMU strategy are composed by three main
sources: energy consumed in processing operat@ssified to substitute energy produced from
natural gas), increase/decrease of non-GEGs emissions (§D) and carbon storage in soils. For
this strategy, an addition of nitrogen-based fiedil to croplands was assumed for maintaining high
productivity on agricultural fields. Then, the Cr&tio of mulch was reduced from high values (see
table 4.4.6) to 30, through addition of nitrogerséx fertilizer, as the best composting practices
suggest® Then, literature on YD emission for Low N-grass (1.15% N and C/N rafi@®.1) was

used® for evaluating the emission o£,. This value resulted to be equal to 0.00115 K9/ky

395, Caserini, S. Livio, M. Giugliano, M. Grosso,Rigamonti. LCA of domestic and centralized biomessibustion:
The case of Lombardy (Italy). Biomass and bioen&4y2010) 474-482.

%0 G.F. Huang, J.W.C.Wong, Q.T. Wu, B.B. Nagar. BffsfocC/N on composting of pig manure with sawdvgaste
Management 24 (2004) 805-813

31|, Larsson, M. Ferm, A. Kasimir-Klemedtsson, Leliedtsson. Ammonia and nitrous oxide emission fjomss
and alfalfa mulches. Nutrient Cycling in Agrosystefi (1998)41-46.
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N, leading to a net emission of 0.343 kg£@kg N (100y GWP) that can be used for calculating
the NO emission caused by mulching of a ton of residaielé 4.4.5).

Table 4.4.6: Data on fertilizer addition within the MU strategnd relative GHGs emissions.

feedstock C@eq N content C content N COeq from  COeq from
produced in % % required required N2O
chipping for C/N fertilizer emission
operations =30 production  CO.eq/toRnuich
kgCQy/tonmuch % CO2eq/tonnuich

Corn 2.4Kkg,32MJ 0.7 45 0.8 24.0 kg 5.15

stover and

similar

Pruning 5.3kg,72MJ 0.5 48 1.1 33.7 kg 5.55

residues

4.4.2.10 Uncertainty and sensitivity analysis

Understanding the magnitude and the sources afrtbertainty that characterizes the modeling
assumptions can be relevant for scientific undedstey and decision making, both uncertainty and
a sensitivity analysis were performed on the GH&8arice of BC and MU strategy, compared to
OB. The analysis has been carried out through skeofithe SIMLAB 2.2 softwar®? The
distribution of each model input variables was gatesl starting form average values and
uncertainty of the source data.
In order to perform the analysis, a Montecarlo apph-based uncertain analysis and variance-
based sensitivity analysis techniques (Sobol'sehzeen applietf® The factors that have been
considered and the relative random distributiorduaee reported in Table 4.4.7. The factors have
been used as multiplying factors for the data impatrix, creating a set of 640 similar matrices on

which the uncertainty and sensitivity analysis hagen performed.

Table4.4.7: Factors considered in the sensitivity analys@ ffon normal distribution. **triangular

distribution was used in order to avoid occurrifigi@gative values

Distribution o or interval* criterion

Monthly avg. Temperature Normal 0.15 Standard dsnaof T
distribution on all study area
Monthly tot. Rainfall Normal 0.2 Standard deviatioihP

distribution on all study area

32 A, Saltelli, S. Tarantola, F. Campolongo, M. Ragensitivity analysis in practice: A guide to asseg scientific
models; Wiley: New York, NY, 2004.

33 M. Saisana, A. Saltelli, S. Tarantola. Uncertaimtyl sensitivity analysis techniques as toolsHerguality
assessment of composite indicators. Journal dRthal Statistical Society. Series188 (2005) 307-323.
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Monthly Evaporation Uniform 0.5-1.5 Only one dataiable on the
area (conservative choice)

Agr. Residues Yield Triangular 0.57-1.43 Maximumnaimimum from
interviews.**
Non manageable residues Normal 0.1 Standard deviaton for non-

manageable residue d&ta

RPM/(Incoming plant matter) Normal 0.1 Standardiateen of lignin
content among same type of
agricultural residues (e.g.
among crops or among
pruning residues)

BCstabid BCiresh Uniform 0.75-1.25 Arbitrarly selected according
to Roberts et at?®

Clay % Normal 0.27 Standard deviation of clay %
distribution on all study area

Initial soil Carbon (@) Normal 0.23 Standard deviation of C
distribution on all study area

Climate change (DT) Uniform 0-2 Comprise “no climahange

hypotesis” to double expected
effect from climate change.
Climate change (D(P-E)) Uniform 0-2 Comprise “nonate change
hypotesis” to double expected
effect from climate change.

4.4.3. Results and discussion

4.4.3.1 Agricultural residues yields and main claegistics of study area

The total amount of ARs within the Ravenna Proviiscequal to 4.1610° tons per year (table II1).
Residues from annual cropping activities (corn amdilar) are equal to the 78% of the value,
where the remaining part are residues from orcpeuding and orchard renovation (eradication and
replanting). Stover is commonly sold as animal faad orchard residues are burned on the field.
Both these practices imply a reduction of carbopuia to soils, determining an average low
concentration of soil organic carbon in all aredag(Ffe 4.4.3). Among different climatic,
pedological and agronomic conditions, soil carboncentrations varies between 54 th@rchard

soil with high clay content) and 29 t"héannual crop on sandy soils).

4.4.3.2 Total carbon evolution and humic carbonleton

The century trend of different soil carbon fracgofDBC, RBC, DPM, RPM, BIO, HUM) was

modeled on all the agricultural areas of the Raweghistrict. Figure 4.4.3 shows the maps of soil

carbon evolution within the study area. Spatialedénces are due to the different ARs yields (that

are higher for croplands and lower for fruit fargniareas) and climatic and pedologic differences

inside the study area. Figures 4.4.4 (a, b) reptdbe average soil total carbon evolution (TC) and
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soil humic carbon (HUM) evolution over 100 years, tivo different areas of the Ravenna Province
(Fusignano and Brisighella) that could be considleas representative of the two typical trends
(orchards and annual crops) that occur within thdysarea.

Figure 4.4.3: Spatial distribution of 2010 carbon concentratinrthie study area, by simulation of

different management strategies for 100 years; )(@&en-burning, (MU) mulching, (BC) bio-

charring.
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In both croplands (Brisighella) and orchards (Foamp) it is possible to note that the OB would
determine a slight decrease of both TC and HUM amnfor the first 50 years followed by a
stabilization at ~31 tC/ha and ~37 tC/ha respebtiVt is notable that, according to the simulafio
the current cropland situation is almost in equilitmn with a removal strategy. On the contrary, in
orchards soils (e.g. Fusignano district) the opemming practice (currently the most frequent habit)
will determine a monotone ~20% reduction of sogaoric carbon content over a century.

The MU strategy showed a better performance withoderate increase of soil carbon content in
two “waves”, one starting immediately and one afi@ryears. In the first time span resistant plant
material input drives the carbon increase, aftey&@rs, the humus formed during years starts to

have a more important contribution.

145



Figure 4.4.4. Total soil carbon evolution (a) and humic carleeolution (b) over 100 years for two

reference sites, Brisighella (annual crops, comtisuines) and Fusignano (orchard, dashed lines) .
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BC determines a grossly linear increase of sob@arcontent by 0.5 ton Hay™. It is possible to
notice that the BC strategy is able to increasesttie total carbon twice faster than the MU
strategy, with a soil carbon level of 80-90 t/h&éeraflO0 years. Nevertheless, considering a very
short time perspective (<10 y) it is interestingnimte that mulching raises organic carbon faster
than bio-charring, mainly due to RPM and BIO acclation in the soil.

In order to establish the effect on fertility lcmsd erosion trend, that are extremely relevanhén t
hilly part of the study area, the attention wasugexl on the humus component. Among the three
strategies, only mulching can stop the humus loegsrbon rich orchard soils or determine a slight
increase (~20% raise) for relatively carbon poaptands soils. The effect of mulching is notable
on the natural HUM component of the TC. In facsthirategy can significantly avoid large soil
natural HUM loss with a relative stabilization difet soil carbon content and, on a very long term

perspective, is able (using only AR locally prodiliceo solve the problem of relative low organic
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carbon content typical of the study area soils.

On the contrary, for the first 100 years both Bd @B (or removal) of ARs cause almost the same
adverse effects on humus concentration, with aateziuof humic carbon by one third.

Bio-charring strategy allows a higher humus conegioin only on long time scale, when the
carbonaceous material starts to decompose sigmilycarhis effect is negligible within the time
period examined in this work, but could be consdea very long term benefit of the bio-charring
practice.

In conclusion, bio-charring can act as a net stuigin between natural humic carbon and an
higher amount of a sort of “synthetic soil carboRfom the point of view of total soil carbon, the
BC management strategy of ARs, could be a sucdeskfice due to the net gain of organic
material of soil compared to both open burning amaching strategies. Nevertheless from an
agronomic point of view, bio-char and HUM are neotatly equivalent, and then bio-char

application as “stand alone” strategy has to befally evaluated.

4.4.3.3 Green House Gases balance

The potential GHGs emission reduction at the Raadtmovince scale are represented on Figures
4.4.5a and 4.4.5b. A positive value means a netedff reduction of the emission, whereas a
negative value means a net emission, and the legrazorresponds to standard deviation of the
distribution obtained by uncertainty analysis.

According to the resultgi( 0.05), if manageable residues are burnt withaetgy recovery,
Ravenna croplands will produce 1.09Mt ££@ in 20 years (relative standard deviation RSD:
144%) and 3.72 Mt Cgq (RSD: 120%) over the century. By pyrolysis aiddhar application to
soil, the same system will determine a reductioolding of emissions equal to 6.47 Mt &0
(RSD: 36%) in first 20 years and 30.1(RSD: 32%)keq in 100 y. Also the mulching strategy
leads to a relevant reduction equal to 2.74 Mp&JRSD: 87%) in 20 years and 5.75 Mt EQ
(RSD: 122%) in 100 years. All but BC strategy résale characterized by high uncertainty, due to
the partial knowledge on initial parameters valDespite of the large variability of the absolute
values, BC and MU strategies seems to be, on awebath effective in terms of GHGs emission
reduction and, according to the results, bothegiat determine a significant reduction in GHGs
emissions with respect to open-burning (Figure5by.

In order to evaluate the relative effect of theicepboth the differences between BC and OB and
between MU and OB are shown in figure 4.4.5b. Ia tlase the uncertainty is strongly reduced,
mainly thanks to the elimination of the varialyildue to non-management sensitive data (e.qg.
amount of non manageable residues and initialcepblon content). The comparison between BC

and MU clearly shows that the biochar strategyasgnts the best option for GHGs sequestration
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on medium and long term perspective (t >7 y), batyery short term (t < 7 y), the two strategies

are not statistically differenAGHGSgc-muy< 0 ,a: 0.05).

Figure 4.4.5: a) GHGs reduction/emission in different AR managetrstrategies, b) relative
GHGs reduction/emission due to difference betwagrvention and open-burning removal
strategy (bars show confidence intervals witld.05)
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The difference on GHGs emission/avoiding betweeraB& OB, evaluated as average over 100
years, was equal to 12% of the yearly GHGs emisgimduced by the energy consumption within
the Ravenna province (2.94 Mt of @0)3** Moreover it is noticeable that also a relatively
“traditional” management like mulching would be @b save 3-10% of overall emissions for 20

years, with other benefits (e.g. protection agaénssion). In general, these values of GHGs savings

%‘piano energetico provinciald®rovincia di Ravenna: Ravenna, Italy, 2009,
http://www.provincia.ra.it/ Argomenti/Ambiente/Enéaged-elettromagnetismo/Il-Piano-Energetico-Protec
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are not negligible, considering that a large fiacf the ARs are actually burnt on field.
The sensitivity analysis was performed on the catngd GHGs emission reduction resulting from
the adoption of BC and MU strategies with respe¢hé OB strategy.

Figure4.4.6. Sensitivity analysis of the relative GHGs redoctbetween: a) BC and OB, b) MU
and OB.
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Figures 4.4.6a and 4.4.6b show the results obtadigesknsitivity analysis on the model following
different scenarios. The results show that thesdamty related to the GQeduction potential
determined by bio-charring adoption, is mainly daehe partial knowledge about the amount of
manageable residues. This can be considered awdkeimportant factor, because it is able to
explain more than the 50% of the total variancehef results. With time, the relevance of other
factors increases, in particular the amount oildaimatter in bio-char, temperature ( uncertainty
due to meteorological data resolution) and, indesxtent, the uncertainty regarding change in
rainfalls due to global warming model uncertainti®s the other hand, the uncertainties related to
temperature increase (due to global warming) aagl cbncentration (typically involved in HUM
formation) seem to be less important.
Looking at the uncertainty related to the poten@a, eq emission avoiding due to the MU
strategy, other factors become relevant. As forBBestrategy the amount of manageable residues
can be considered as the most important factdeast in the short period, but the relevance of the
other factors changes significantly. In this casgrddability of ARs and climate become important
factors in the first 50 years and the uncertairghated to climate change effec&T( and AP)
become crucial factors on the long period..
Comparing the two strategies and their respecieces of uncertainty, BC seems to be a more
GHGs safe management, in the sense that its umtgrsmainly depending on ARs yields and not
by other factors and for this reason the processis¢o be much more insensitive to other factors if
compared to MU. On the contrary, a large portioruntertainty regarding MU effects on GHGs
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emissions ( 50% in the long term model predictiah$3 due to the lack of knowledge on global

warming parameters, and then are difficult to atiate.

4.4.3.4 Carbon capture and storage (CSS) efficiecmsnparison with other technologies

The BC and MU strategies were compared to othdmtdogical ARs management options, in
terms of carbon offset efficiency over two defingde span (20 and 100 years). The considered
alternative ARs management options were: energyesy from direct burning of forestry residues
in Italy for two different technologies (pellet swheating without gas cleaning, combined heat and
power (CHP) 100 MW plaft® and 2° generation ethanol productidf.

Figure 4.4.7. Comparison between the CCS efficiency of diffe’®Rs management options,
expressed as the percentage of ARs carbon tlsageuestered or that avoid fossil fuel carbon
emissionsASoil N,O emissions: avoided emission ofQNdue to the biocharring.
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Results are shown in Figure 4.4.7. When a 20 ygaesspan is considered, it is possible to see that
BC can act as very effective “emergency solutidi€cause the average efficiency over the period
is equal to 55%, a carbon sequestration ratio amtilan other biomass fueled energy conversion
processes (61% and 52% respectively from and psttbee and CHP 100 MW plant). On this time
scale, also MU shows an efficiency comparable tmse generation ethanol. It has to be noticed
that this value is twice than what was proposedSiyand and Bedford, mainly due to the

accounting of the entire mulched material carbasiecyconversion to BIO and HUM).

353, Caserini, S. Livio, M.Giugliano, M. Grosso,Rigamonti. LCA of domestic and centralized biomessibustion:
The case of Lombardy (Italy). Biomass and bioen&4y2004) 474-482.
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In a long term perspective (100 years), the offesiciency of BC slightly decreases becoming
equal to 50%, where the mulching carbon capturestmge efficiency drops to 16% a reduction
due to the reaching of the equilibrium for resisfalant material component.

Looking at the MU strategy as CCS method, a laffiect of carbon storage could be attained in
the first 20 years and a non-negligible CCS valngh® long period, simply through burial of the
residues. This is to stress that, considering atioer quantified benefits (e.g. reduced erosion) of
HUM conservation obtainable by mulching, this agto could be the best choice in high hydro-
geological risk areas or in colder climates (whétéM could act as longer term C stock).

In order to correctly understand the results itriportant to consider that the efficiency of CC$ fo
BC and MU depends from the environmental paramébatscharacterize the reference area, so the
presented result is specific for the territory @v@nna Province, but it can be reasonably exported
to similar regions. The avoiding of GHGs due to slhstitution in the use of fuels, is also a local
parameter, that strictly depends on the charatiteyief the fuel categories that are supposed to be
substituted with syngas or bio-oil from pyrolysis.

When comparing the CCS efficiency of BC and MU tioen alternatives, it is important to consider
that if a ARs management strategy is modified (Ban biocharring to open-burning) the carbon
stored into soils becomes a potential source of §Hiepending on the degradation rate of the
already provided inputs (bio-char or mulch) andeafefng on the future land uses (agricultural or
not) of the considered croplands. In this sensesthrage of carbon into soils through BC or MU,
even if it shows a comparable efficiency with ottemhnologies in the short term, it is sensitive to

changes in land uses and agricultural practicetscdrg on the long period, reduce the sequestered
COseq.

4.4.4 Conclusions

In order to compare the effects of different mamaget strategies of ARs in terms of soil carbon
evolution and GHGs emissions, a modified versionrRothC model was developed. Although
applicable on larger scale, the model was testeda aelatively small region using detailed
environmental data.

The bio-charring and the mulching strategies haenkevaluated by taking into consideration only
local agricultural residues and by an in-deep madebf soil carbon balance. Intrinsic limitations
of the method were mainly linked to the partial Whexige about actual biomass amounts, long term
climate values and bio-char properties as indicatethe sensitivity analysis. Anyway, according
to the model, 0.21-0.47 Mt G€q y*, (16% to 7% of the GHGs in the study area) coelchoided

over 100 years by bio-charring and a 20 years 0.80-Mt CQeq y* emission reduction could be
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obtained by mulching.

These results are obtainable by using only agucalltresidues, without land competition with food
crops and, for bio-charring, with co-productioneofergy, but assuming that all the area is managed
according to the same strategy, over all the cens@tiperiod. This confirms, in the mild climates,
the large theoretical potential of bio-charringagggy for long term climate change mitigation and
reveals mulching as a valuable practice for medierm. By the way, the potential reversibility on
the long period of the stored carbon on soils td3SHue to land use changes, has to be considered

for policy decisions.
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5. Conclusions

In this dissertation, pyrolytic conversion of biossainto potentially useful products (chemicals,
fuels) was investigated from the analytical poihtview.The study was focused on the liquid (bio-
oil) and solid (char) fractions obtainable fromriass pyrolysis.

Analytical pyrolysis combined with GC-MS (Py-GC-M8as been historically applied to provide
valuable information on the thermal behavior ofrhass at a molecular level and the effect of
catalysts. The pattern of pyrograms obtained frgpGE-MS reflects the chemical composition of
bio-oil obtainable from reactors and larger scalpasatus. Nonetheless, most of the studies were
gualitative and the family of pyrolysis productdenf limited by GC needs (e.g. volatility, thermal
stability). One of the aim of this study was thatextend the capability of analytical pyrolysis
investigating novel procedures.

A quantitative approach in Py-GC-MS based on irgtkestandardization witb-isoeugenol enabled
an estimation of the yields of pyrolysis productsleed from four biomass. The selected biomass
were poplar, switchgrass, corn stover and sweetgghn These biomass were representative of
woody biomass (poplar and pine), herbaceous bioifinass dedicated cultivation (switchgrass), a
representative agricultural residue (corn stovad results in term of yields and composition were
comparable to that of literature from the analydibio-oil.

The same procedure was applied to the chemicabctaization of syntethtic biochar. Yields of
evolved products were then used to obtain strucfeatures of a large number of commercial
biochars, subsequently used for estimating thelgyatf bio-char in the environment.

Limitations of this procedure are mainly linked fiolar substances (e.g. levoglucosan), reactive
volatiles (e.g. hydroxyacetaldehyde), minor commsuthey are not identificable nor quantifyable
with accuracy) and non GC amenable substancesofgggmers and pyrolitic lignin).

The drawbacks of Py-GC-MS described so far werggtigrsolved by coupling different analytical
configurations (Py-GC-MS, Py-GC-MIP-AED and offé¢inPy-SPE and Py-SPME-GC-MS with
derivatization procedures).

Expoliting a commercial pyrolyser the accuracy lu# pyrolytic process was preserved. The main
modifications were in detection and in sampling/friag procedures of evoled pyrolysis products
prior to subsequent analytical steps. For the dmlong, two sampling techniques were
investigated: Py-SPME-GC-MS and Py-SPE-GC-MS wittrivéitization procedures. Py-SPE
consinsted in trapping the evolved products ontesin followed by their elution with a solvent.
This approach was named as solid phase extraaiothé sake of brevity (Py-SPE). The eluted
products could be directly analysed by GC-MS ondgised with a silylating reagent prior to GC-
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MS analysis, The second sampling method was basetdl@ phase-microextraction (SPME), and
the procedure was named as Py-SPME.

The application of different techniques allowedatis$actory comparative analysis of pyrolysis
product of different biomass and was applied ingh froughput screening on effect of catalysts on
biomass pyrolysis. As results of the screening nristesting catalysts were catalysts containing
copper (able to reduce the high molecular weighttion of bio-oil without large yield decrease)
andH-ZSM-5 (able to entirely convert the bio-oil iftgasoline like” aromatic products).

In order to establish the noxious compounds conbérthe liquid product, a clean-up step was
included in the Py-SPE procedure. This allowed neestigate pollutant (in particular PAHS)
generation from pyrolysis and catalytic pyrolysisbiomass. In fact, bio-oil from non-catalytic
pyrolysis of biomass showed a moderate PAHs contdrite the use of H-ZSM-5 catalyst for bio-
oil up-grading determined an astonishing high pobidan of PAHs (if compared to that observed in
alkanes cracking), indicating an important conesrthe substitution fossil fuel with bio-oil derige
from biomass.

The analytical procedures developed in this thesise directly applied for the detailed study of
most useful process scheme and up-grading routehémnicals intermediate (anhydrosugars),
transportation fuels or commodity chemicals (arooiagdrocarbons).

Looking at chemicals and transportation fuels affdme from biomass, raw biomass bio-oil is
formed by a plethora of compounds that can notdssl s chemical intermediates (mainly due to
problems of isolation) and determines a large bibtg of the oil. For this reason, raw bio-oil can
be seen mainly as a chemical energy carrier.

On the contrary, pyrolytical pathways from cellldand de-ashed biomass resulted very interesting
for the production of targeted functionalized commpds (anhydrosugars), usable as chemical
intermediates without any competition with the praf fossil fuels.

For the Greenhouse Gases balance, the use of cabidne (char) as bio-char (soil conditioners)
showed to be equivalent to the combustion of cloarehnergy production, and soil modeling
(chapter 4.4) suggested that the bio-char strabegstrongly advised in order to avoid a large
carbon impoverishement of temperate soils.

At the best of our knowledge of available literaiuand according to additional data provided in
this Thesis, two alternative pathways can be hypeth one that, by means of preatreatment (wet
torrefaction) enables the conversion of biomass amhew class of chiral intermediates, and other
involving the introduction of biomass derived lids, as “optional” carbon flow, into existing

fossil fuelled refineries (e.g. equipped with H-ZS\hape selective catalyst).
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The first strategy probably represents the mosta@sting and promising option from research point
of view, mainly because it exploits the intrinsttacacteristics that distinguish biomass from fossil
sources, but nonetheless it will require a largseaech effort for developing a completely
alternative chemical platforms.

On the other hand,the second strategy could bedsyes an already feasible option. In order to
transform this materials into commodity chemicatsl duels, hydrogenation followed by drastic
catalytic conversion (e.g. over ZSM-5) is mandatang cellulosic biomass yielded more aromatics
than lignin rich biomass. This conversion schenmewa to obtain final aromatic hydrocarbon
yields (on carbon basis) comparable to that obldéntrom actual commercial different biomass-to-
fuel routes (anaerobic digestion or fermentatidwaditionally, this scheme is fully compatible with
existing refinery equipments and, if (as examplenhtegrate hydrogen produciong microalgae

system is used, can be feeded by fully renewakleurees.
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