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Abstract

This review critically examines the state of thé¢ af rate laws and kinetic constants for the
gasification, with carbon dioxide and steam, angl ¢bmbustion of chars produced from wood and
biomass, including a brief outline about yields anchposition of pyrolysis products. The analyssoal
gives space to the role played by various facsush as heating rate, temperature and pressuhe of t
pyrolysis stage, feedstock and content/composifaine inorganic matter, on char reactivity. Figall
directions for future research are suggested.
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1. Introduction

Biomass is a renewable fuel and the fourth larf@kiwing coal, oil and natural gas. Compared with
these fossil fuels, it has the advantages of be@gral in regard to the emissions of the greers@ou
gas carbon dioxide, as this participates in biongassvth through the photosynthesis reactions, and
reducing pollutant species generation, given the &ulfur and nitrogen contents. Thermal and
chemical processes of biomass conversion consistireict combustion, to generate heat and
electricity, pyrolysis and gasification, to produc®inly liquid and gaseous fuels to be processed
afterwards. Pyrolysis also plays an important rate the first chemical step in gasification and
combustion. Indeed, it occurs at lower temperatamed, in numerous practical applications, solid
conversion can be seen as a two-stage processysigr(or devolatilization) and slow heterogeneous
conversion of char. Pyrolysis conditions highlyeaffthe yields of char and its reactivity in continrs

and gasification. Hence, low amounts of chars,@ased with high yields of gaseous and vapor-phase
(tar) products, and high char reactivity are keyialdes for the capacity of gasifiers and combusstor
The heterogeneous reaction rates of char convesmmuseful for design and development purposes
as, to provide detailed process simulation, kinetechanisms should be coupled with the description
of heat, mass and momentum transfer. Thereforenthasic rate, that is, the rate of the reactstep
free from heat and mass transfer limitations shbeldthvestigated.

A huge amount of literature has been produced emdhctivity and the heterogeneous kinetics of coal
and coal char gasification and combustion (reviewshis subject include, among others, Refs. [1-4])
The number of studies on wood/biomass char re&ctig comparatively much smaller. Many
analogies exist between the two classes of conidestbut lignocellulosic chars are far more reactiv
than coals. As an example, the rate of steam gason of biomass is about 4-10 times greater than
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that of lignite, as a consequence of peculiar chemhysical properties [5]. The volatile content of
lignocellulosic fuels (typically 80-90%) is at l¢asvice that of coal. The hydrogen/carbon and
oxygen/carbon molar ratios vary between 1.3-1.5@beD.6, respectively (versus 0.8-0.9 and 0.1-0.3
for coals). Wood chars have porosities with valfresn 40 to 50% and pore sizes between 20 and
30mm, whereas coals have porosities ranging fromIB# and pore size around 5A. Furthermore, the
ash content is very low and the pore structuregklf directional, typical of that of wood and itgra-
fiber cavities [6].

The production and properties of lignocellulosicash have been reviewed in the comprehensive
analysis by Antal and Gronli [7] and specific infaation on the combustion behavior can be found in
[8-10]. However, kinetic modeling of the gasifi@atiand combustion reactions has not been given
significant consideration. In this review the stural and kinetic contributions in the models ofch
reactivity and the kinetic parameters currentlyilabde are examined and compared. An outline is als
provided of the main factors affecting char yielddareactivity taking into account the possible
interactions between heat/mass transfer and chere@etions.

2. Char yields and reactivity

In this section the influences of the thermal ctinds on the pyrolysis products of lignocellulogiels

are summarized and commented. The conditions acedigcussed of combustion and gasification for
the experiments motivated by kinetic analysis. lyna critical examination is provided about how
char reactivity is affected by heating rate, terape, pressure and residence time during pyrolysis
and mineral matter content of the sample.

2.1 Product yields from wood and biomass pyrolysis

Pyrolysis of lignocellulosic materials gives rigsed huge number of chemical compounds which, for
engineering applications, are lumped into threeigso permanent gases, a pyrolytic liquid (bio-ailyt
and char [11-13]. They result from both primary @mposition of the solid fuel and secondary
reactions of volatile condensable organic produdis low-molecular weight gases and char, as they
are transported through the particle and the reaemnvironment. Extensive information is availate
product yields and composition from wood (poplageth, oak, maple, etc.) for fast pyrolysis carried
out through fluidized-bed reactors (see, for insgar{14-21]) or other devices [22] and single thick
particles or packed beds (see, for instance, [3B-30e yields of pyrolysis products have also been
evaluated for several agricultural biomasses (Bweinstance, [31-39]) but, in this case, a dethile
chemical characterization is provided only for ¢faseous products.

The yields of the three classes of pyrolysis prtglaepend mostly on the particle heating rate and
temperature of both particle and reacting enviramnadthough other factors, such as amount and
composition of ash catalytically active, may aldaypan important role [40-43]. Fast heating rates,
temperatures below 750-800K and short vapor resglémes (usually 0.5-2s) are applied to maximize
the yields of primary tars [44] and thus bio-o0il2[2 This process is commonly indicated as fast
pyrolysis, but the definition of the thermal comaiiis is, at a certain extent, only qualitative heseathe
actual heating rate and temperature experiencegbdniicles during conversion cannot be easily
evaluated. Indeed, apart from the influences ofghsicle properties (size, moisture content, ahiti
density, etc.), the external heat transfer rateedép not only on the conversion unit but key vdesb
are also the reactor design, the feeding modaliy #he operating conditions. Moreover particle
conversion is a highly unsteady process, so thethrmal conditions inside and outside the particl
vary continuously in time [13]. For the higher tezngtures of gasification, secondary reactions Bl4,4
of primary tar vapors become active which causeking and polymerization. However, owing to
physical or geometrical limitations of the reacamd the chemical limitations of the reactions ineal
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[46], tars are not completely converted and, toicgvouling and corrosion problems during gas
utilization, cleaning and conditioning are required

Conversion of relatively thin (below 6mm) particles fluidized-bed reactors with short residence
times of volatiles [14-20] can be considered touncgnder conditions of fast heating whereas the
experiments conducted with single thick particles (nstance, see [29] for 4cm thick cylinders) and
packed-bed reactors (for instance, see [30] faaator diameter of 6cm) can be considered examples
representative of slow heating rates. For comparigorposes, the yields of the three classes of
pyrolysis products, as measured by these two grotiptudies and expressed as percent of the initial
dry wood mass, are reported in Figs. 1-3 as funstf the external (heating) temperaturg, ($olid

and dashed lines are used to indicate the rangarg@ition, for a given temperature, of the yields f
fast and slow pyrolysis, respectively). In prineiptliifferences can be due to reactor design (eadtern
heat transfer rates), operating conditions (vaatésidence times, particle characteristics) anddwo
type. However, the first two factors are predomtngiven that the differences between wood species
belonging to the standard hardwood or softwoodgmates are relatively small [29]. In general, high
lignin (softwoods) and/or extractive contents, whare associated with a high carbon content, rasult
higher yields of char.

As the heating temperature increases, the chadsyieitially decrease, as a result of a competition
between the primary reactions of char and voldthkenation, with the latter becoming successively
more favored [13]. Then, at high temperatures, tieeyl to become constant, because the variation in
the actual degradation temperature of the solidrélation to the external heating temperature)
becomes small, due to the narrow range of temp@sitharacteristic of biomass pyrolysis, and heat
transfer resistance through the packed bed or #mcie. Moreover the temperature directly and
indirectly, through variations in the release rael residence time of volatile products, also erices

the activity of secondary reactions (formation e€@ndary char, permanent gases and light organic
compounds) [13]. The yields of liquid products grsa maximum, caused by both primary volatile
formation and secondary degradation of tar vaporaeced by high temperatures. In accordance, the
yield of gas continuously increases with tempegatur

Although the trends shown by the product yieldsdependence of the heating temperature are the
same, the reduction in the heating rate, from #teo$ fluidized-bed data to those of single thick
particles and packed-bed reactors examined hexgs pih important role from the quantitative poiht o
view. It can be seen that the rates of increase f@onperature) of the liquid yields are much fasber
fluidized-bed conversion, because the smaller gar8izes and the faster external heat transfes rat
actually give rise to faster heating rates of tldidsand higher temperatures for the primary
decomposition reactions. In this way, the devotatilon reactions are successively more favoretl wit
respect to char formation. It can also be obsethat for high external heating temperatures, #te r

of decrease in the yields of liquid products isiadaster for the fluidized-bed data. This is bes=mthe
distribution of volatile products is mainly dictdtey extra-particle secondary reactions, which oatu
the reacting environment at temperatures much highen those of the vapor phase in the single-
particle reactor or in the free-board region of fixed-bed reactor. In this case, secondary reastio
essentially take place only across the particle #ed packed bed (for the first, structural failure,
fissures and cracks highly reduce the intra-pa&rtiesidence times of vapor-phase species). High
temperatures favor the cracking of tar vapors, twhesult in a rapid decrease in the yields of tiqui
products and an increase in the gas yields. Thepaoson between the two sets of data also shows
that, for temperatures below 750K when the actidtysecondary reactions for gas formation is
negligible, the yields of gas are small and rougidgstant. In other words, the variations in thedds

of liquid products are compensated by variationth@yields of char only.



From the quantitative point of view, results pldtia Figs. 1-3 show that, for fast pyrolysis, maxim
liquid yields are attained for heating temperatwkabout 750-800K and vary between 65-75%. For
slow pyrolysis, maximum values are maintained avevider temperature range (750-950K) and are
lower (45-55%). The char yields are significantlffeated by both heating rate and external
temperature with ranges of values roughly betwe8m% (fast pyrolysis) and 40-20% (slow
pyrolysis). As anticipated, char is a product othbprimary and secondary reactions, although the
guantitative understanding of the latter procesgery limited [7,47,48]. Boroson and coworkers [49]
in their experiments on homogeneous tar crackiogat report significant yields of char and suggest
that its formation may require high concentratiafidar vapors (re-polymerization of low-volatility
intermediates) or participation of the condenseasph(liquid-phase reactions of tar). In anothedystu
[50], where the conversion of primary tars indubgdcontact with char is investigated, it is repdrte
that heterogeneous conversion corresponds to alebit% of tar. Furthermore, small quantities of
coke, generated from tar conversion, are depositetthe char bed, as can be understood by observing
the reduction in the surface areas of chars rediglen®r the different extent of tar conversion.idt
postulated that a tar fraction (about 35%) exidtsctv is highly resistant to vapor-phase cracking fo
temperatures above 873K, contains oxygen and Isaptg more aromatic than the whole tar. Lignin is
indicated as the major source of this tar fractidowever, it is well known that an important source
for secondary char is also represented by vapasehaactions of carbohydrates, specifically
levoglucosan [51-54]. High concentration (pressurkejar vapors, prolonged vapor-phase residence
time in the reaction zone and high temperaturecaffesitively the formation of secondary char. Some
information on this process can also be gained fiteerstudies on the devolatilization behavior @-bi

oil samples subjected to moderate heating (5K/mimou600K) [55-57], where char yields are roughly
25-40% of the initial oil mass. Secondary char fation is directly linked with the pyrolytic lignin
content of the oil but the cellulose oil (and tloagsbohydrates) gives rise to yields of secondagr ch
about twice higher than those obtained from thedhead biomass oils [58].

Product yields as functions of temperature showstrae qualitative trends for wood and biomass, but
guantitative differences are large. Biomass, egfigcagricultural residues, always give rise taykar
yields of char (a comparison between wood and uaragricultural biomasses is provided in Fig.4 for
a packed bed exposed to several heating tempesd@6), attributed to higher lignin (and carbon)
contents and/or larger amounts of inorganics whalor charring reactions and displace towards
lower temperatures the beginning of the decompositirocess [31,34,35]. As a consequence of the
higher char yields, liquid yields are lower wheréaes variations in the gas yields are generallylkma
In general variations in the product yields are mbgult of differences in both chemical and phylsica
properties, although the former seem to have aopnethnt role. On the other hand, the size and
density of the particles (and that of the bed ia thse of packed-bed reactors) are the main factors
affecting the pyrolysis time [35].

2.2 Composition of volatile products of wood pystdy

Detailed chemical analyses are available of bo#degas and liquid products of wood pyrolysis. The
pyrolysis gas consists mainly of @GCO, CH, and lower amounts of Hand G hydrocarbons [14-
20,29,30]. Gas composition also remains qualithtitke same for biomass, although generally
characterized by higher yields of CO2 [31,34,35heTyields of CQ and CO for slow and fast
pyrolysis of wood are compared in Figs.5-6. At lemnperatures, the evolution of CO and Génd
water vapor) is due mainly to the degradation dfaetives and hemicellulose and the activity of the
first path in cellulose degradation, leading to gaml char formation [11,12,59]. As temperature
increases, the formation of tar vapors from celaltbecomes predominant, while lignin degradation
also attains fast rates. This process is largedgaesible for char formation and the evolution ,C
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CO, CH, and H. From the quantitative point of view, the hardwsqgbwer lignin contents) are
characterized by COyields higher than those of softwoods, whereasytbkls of CO and Cllare
comparable. As already observed, for low tempeeatuthe heating rates of the solid exert a weak
influence on the yields of the gaseous species.chief differences between the two sets of data are
seen at high temperatures and result from diffexemt the residence times of tar vapors which myodif
the activity of secondary reactions.

The effects of secondary reactions of tar decontiposon the gas yields and composition have been
investigated by several researchers (among otf5s}7-54,60-64]) and a review about the global
kinetics of tar cracking is available [13]. It ibserved that carbon dioxide is a product of botmary

and secondary reactions (it can account up to 1#%raconverted [45,49]). Carbon monoxide and
methane are produced in small quantities from prgmeactions. A large part of their production, wit
acetylene, ethylene, ethane and hydrogen, ariges fiecondary decomposition. In particular, the
yields of carbon monoxide and methane presentranstllinear increase with temperature for values
above 950K [45]. As carbon monoxide may accountafmut 50-70% of tar conversion (methane and
ethylene account for 11 and 12%, respectively)s isuggested [49] that its concentration can be
considered as an indicator for the extent of seagnceaction activity. However, Morf and coworkers
[45] observe that the yield of hydrogen may be ebetter for such a scope given that it presents an
exponential increase with temperature. High tentpeea of the reaction environment also make
possible a contribution from methanation and wgtes shift reactions and interactions between the ta
species and other reactants on the compositidmeadas [45,64].

The yields of water are significantly affected Ine tparticle heating rate, as shown in Fig.6, where
results obtained for wood pyrolysis in fluidizeddbeeactors [14-16,19] and a fixed-bed reactor [30]
are reported. It can be seen that, in the formse,dhey are roughly comprised between 10-18%eof th
initial dry wood mass, whereas in the latter cdmy tare between 17-25%. Water is also a product of
the reactions of tar degradation and so its yietildases with temperature [20,65]. Hence, simdar t
the CO and Hlyields, it has also been indicated as a meangaio&e the extent of secondary reaction
activity and the quality of the pyrolysis oil.

A qualitative analysis of the composition of theadapyrolysis liquids, obtained for different thedma
conditions, is presented by Evans and Milne [66,6%E nature of liquid products from pyrolysis and
gasification depend not only from the biomass typg,mainly from the conversion technology, that is
the severity of the thermal treatment [45,66-68] t#re presence of char and other catalysts [4950,6
71]. Primary vapors (oxygenates) are associateu ngaction temperatures below 673-773K, followed
by hydrocarbons or secondary tars for temperatupe® 1123K and aromatic or tertiary tars above
1123-1273K. In this way, liquids produced from fasftrolysis reactors and updraft gasifiers [30]
usually present a chemical composition typical inpry products. On the other hand, secondary and
tertiary compounds of tar are predominant in thghhiemperature fluidized-bed, entrained-bed and
downdraft gasifers.

Chemico-physical characterization of liquids getetdrom low-temperature processes (primary tars)
has received significant attention and a reviewhase aspects has been recently produced [72] give
their strategic importance as substitute fuel ofloo chemicals production [73]. From a chemicainpo

of view, wood fast pyrolysis oils typically are axture of 30% water, 30% phenolics, 20% aldehydes
and ketons, 15% alcohols and 10% miscellaneous eongs [73]. Studies on cellulose and other
model compounds focused on product analysis rdpattlevoglucosan, acetic acid, formic acid and
hydroxyacetaldehyde are the chief products. Praglucif the latter is enhanced by the presence of
alkali-metallic salts to the cellulose samples andurs mainly at the expense of levoglucosan. Mild
acid wash of cellulose or wood, by partial remavfathe inorganic matter content, causes an increase
the yields of levoglucosan. Pyrolysis products gralitatively similar from both cellulose and
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hemicellulose. The hydroxy-phenolics, guaiacols aywdngols are derived from the lignin building
blocks. Although the majority of studies on woodtfayrolysis examines the chemical composition of
the liquids only for optimal conditions (maximungiuiid yield), some information is available [30] for
the yields of about forty compounds on dependeridbeoheating temperature for slow pyrolysis of
beech wood in a packed-bed reactor (yields alreadyn in Fig.3). The most abundant species, over a
range of heating temperature of 600-900K, are aaatid (4.8-5.5%), hydroxypropanone (1.1-1.6%),
hydroxyacetaldehyde (0.7-2.3%), levoglucosan (084), formic acid (0.4-0.6%), syringol (0.3-
0.4%) and 2-furaldehyde (0.3-0.35%) (Fig.7). Ak ttlasses of compounds present an initial increase
with temperature, reflecting the primary degradatid wood components, but secondary reactions in
the vapor phase also take place, as testified dynidxima reached by furans, guaiacols and syringols
It is also evidenced [30] that faster heating ragegance the formation of levoglucosan and
hydroxyacetaldehyde with a diminution in the yietdsarboxylic acids.

Compared with low-temperature pyrolysis, a minomber of studies is focused on tars generated from
high-temperature gasification of wood [44,45,667877/7]. The transition from primary products to
phenolic compounds and aromatic hydrocarbons, psecal of particulate matter formation, on
dependence of the thermal severity is examinedyayn&and Milne [44]. The authors suggest that "the
decision to run a gasification system at high sgveto crack tars should be balanced by a
consideration of the tars that remain. The conditasematics in tertiary tars are harder to rembea t

the larger amount of primary or secondary tars peced under less severe gasification conditions".
Although, as anticipated above, the yields of pysis products have also been evaluated for several
agricultural biomasses, in this case, informatiartlee chemical composition of the pyrolysis liquisls

not provided or limited only to the identificatiaf the chief functional groups by means of Fourier
transform infrared (FT-IR) techniques. The majoofythese analyses is focused on one biomass only
and no comparison is given with wood that can besicered as a sort of reference fuel. Furthermore,
pyrolysis tests of the various feedstocks have leeecuted with different reactor configurations and
experimental conditions. Hence, the consequenatians in the actual conversion conditions, which
cannot be easily quantified, hinder the compartsetween the samples examined.

2.3 Char reactivity

Solid reactivity studies, useful for kinetic anagys are mainly based on thermogravimetric
measurements. Given the small sample amounts anceldtively slow heating rates, the weight loss
versus temperature curves show several sequeatiakzas in the example for waste wood exposed to
nitrogen, air or carbon dioxide of Figs.9A-9B ob& with the data provided in [78]. The first zarfe
rapid (temperatures below 630K) weight loss (coswer up to 65%) is the pyrolysis (or
devolatilization) stage, whose characteristics affected by the presence of oxygen in the reaction
environment. Char oxidation, adjoining solid pymsa; is completed at about 750K while char
gasification with CQ does not occur significantly for temperatures belt000K. Rates of steam
gasification are faster than those with Q€ctors of about 2-5 for wood char [79,80]) ahd gas has

a higher calorific value. In any case, char gaatfan rates are always much slower than char asidat
rates which, in turn, are slower than solid deviation rates (for instance, see also [81]). Henc
combustion and especially gasification kineticsnafod and biomass is generally investigated with
separate experiments for solid devolatilization atthr conversion. Char conversion is more
complicated than solid devolatilization as it is laeterogeneous process where the surface is the
location of the chemical reactions [82].

Weight loss curves of lignocellulosic fuels in aimeasured under dynamic conditions, are reported by
several studies [83-98]. As anticipated in Figs-3B\ two sequential zones appear corresponding to
solid devolatilization and char oxidation. Alsoprin the qualitative point of view, the features loé t

7



devolatilization stage remain unchanged with resfmethose already extensively discussed in previou
reviews [13,59,99]. In quantitative terms, the pree of oxygen has been observed [86,90,91,95] to
anticipate and to increase the devolatilizationkpeattributable to the components of lignocellutosi
fuels. A comparison between curves obtained iraadt inert atmosphere shows that the hemicellulose
shoulder and the cellulose peak occur at lower &atpres (about 15K and 25-35K lower,
respectively). Moreover, the cellulose peaks amuah.5 times higher. In the absence of oxygen, the
peak rate is followed by a wide region of very loxalues, essentially as a result of lignin
decomposition [59,99]. In the presence of oxyg@remthe relatively high temperatures, it is plalesi
that the activity of the combustion reactions ieatly important even before the second peak in the
weight loss rate is observed.

Char combustion also takes place according to di-step process [100-107]. Weight loss starts at
relatively low temperatures even in inert atmosphawith the formation of gas (mainly CO and£O
and small amounts of aerosols [106] (char devatatibn). More specifically, low-temperature
cellulosic chars [100] undergo devolatilization aating to three sequential stages, corresponding to
the pyrolysis of partially decomposed and intagtcgbyl units and decomposition of paraffinic and
carbonyl groups. Chars obtained at temperatureyealt?3K only show the last stage (for a
comprehensive analysis of these aspects see Ardabeonli [7]). Moreover, fast heating rates during
pyrolysis and higher temperatures during conversemuce the importance of devolatilization with
respect to oxidation during char conversion [104].

Char devolatilization, though not accompanied Ignigicant weight loss, produces a more stable and
relatively ordered carbon structure [100,108]. Mmey, it may be an important route for the formatio
of aromatic compounds [109] for low temperaturecpsses such as smoldering combustion and slow
pyrolysis. Indeed, for cellulosic chars, aromatiompounds (benzene, toluene, naphthalene,
anthracene) are detected between 673-873K, whateage 873K methane, benzene, hydrogen and
carbon monoxide also appear.

A first stage of devolatilization is also obsenj&d0,111] during the combustion of biomass chars fo
conditions simulating pulverized fuel-fired boile@@mominal particle size 75-106m and gas
temperature around 1600K). It leads to the remo¥amorphous material and the release of a large
part of the H and O content of the char (formatminCO, CQ, H,O and minor amounts of
hydrocarbons and other gases). Successively, cdimbuakes place together with transformations of
the inorganic constituents, that is, vaporizatigspecially Na and K), surface migration and
coalescence, and the incorporation of metals (pdatily Ca) into silicate structures. Finally, tadsa

the conclusion of the conversion process, inorgawiastituents are transformed from amorphous
phases to crystalline forms. On the whole, a deerda the char reactivity during conversion is
observed, as the more reactive carbon is prefatBntiepleted and the transformation of the inorgan
constituents reduce their catalytic activity.

Contrary to the case of biomass or char oxidatibere thermogravimetric curves are measured under
dynamic conditions, static (isothermal) data arestigoproduced for the analysis of the gasification
kinetics which essentially considers char samlbs. experiments foresee a period of char pre-hgatin
(in N2) up to high temperatures (1273K), a retentionque(iLO min) and cooling down (25K/min) to
the desired temperature still in an inert environméigures are those in [112]). Finally, the
gasification tests are carried out under isothemnalditions at selected temperatures, to provida da
for kinetic analysis. The char gasification rat@el®ds on temperature and concentration of reactants
and varies with the conversion degree (for instafice2,113]). Furthermore, the presence of CO and
H, inhibits char gasification in atmospheres bea@@ [112,114-116,] and O [114,115,117,118],
respectively. These effects may be quantitatively vymportant. For instance, the presence of 30% CO



or Hyin the gas reduces the char reactivity by a fastabout 10 or 15 for COor H,O gasification
with no CO or H content [116,119].
The overall kinetics of char conversion is measwiadhe reactivity [1,112,116,119,120], R,:

_.1t™M_ 1 X (1)
Mt  1- X ft

where M is the mass of the organic portion of tamgle, dM/dt is the conversion rate and X is the
degree of conversion

M- M,

T @

X =
(Mo and M are the initial and final values of the sample shas
It is recognized that the heterogeneous rates af cbnversion are determined by the total surface
area, the number of active sites per unit surfaea,aand the local gaseous reactant concentration.
Consequently reactivity depends on three chief adtaristics of the sample: chemical structure,
inorganic constituents and porosity. To understdred reactivity of solid/gas reactions, the detailed
interactions between the two phases should be tatenconsideration. For a given position of the
surface within the char particle, the local hetermpus reaction rate is determined by the locaileval
of the gas concentration [1] and it is a measuth®intrinsic surface rate of the solid/gas reac(the
intrinsic rate is per unit internal surface areaevdas the overall rate (eqn.1) is per unit parijole
sample) mass). For lignocellulosic fuels the redgtigenerally increases with conversion, as shawn
Fig.8 for biomass chars while undergoing combustmnthe conditions typical of dynamic thermal
analysis [121]. However, a maximum or a minimum nego appear in the reactivity versus
conversion curves.

2.4 Kinetic and mass-transfer control

When neglecting the devolatilization stage, thectigdly of a solid particle is governed [118] by) 1
film diffusion of oxidizing/gasifying agent, 2) difsion through the ash layer and the particle, 3)
adsorption onto the reaction surface, 4) chemieakttion, 5) desorption of product gas from the
surface, 6) diffusion of product gas through thetiple and the ash layer, 7) film diffusion backan
the ambient gas. Apart from the surface chemicattien (item 4), the remaining are mass-transport
steps. Based on the Thiele modulus (ratio of treral/reaction rate to internal diffusion rate) @hd
effectiveness factor (ratio of the actual reactrate to that which would occur if all the surface
throughout the internal pores were exposed to #megus reactant at the same conditions as that
existing at the external surface of the particle22], three main regimes are introduced in solid
conversion [1,8,9,82,123-126].

For the regime |, the Thiele modulus should be bienadl the effectiveness factor should be ideally
unity [3]. This regime is established for low tergeres and char particles so small that the ddfus
rate is much faster than the chemical reaction (kateetic control). Conversion occurs throughoud th
particle with changes in density but with a constre (conversion time and reaction rate indepehde
of the particle size). Diffusion effects during clgasification may be important even for the caodi
typical of thermogravimetric analysis [127-130]. Aaxtensive analysis [129] about the effects of
particle sizes (0.06-2.1mm olive stone particl€3]), partial pressure (20-50kPa) and temperature
(1073-1223K) shows that they cannot be neglectddsarvery small-sized particles (0.06mm) and
moderate temperatures are considered (typicallpwbel023K [131], 1173K [132], 1223K [129]).
Also, given that the role played by diffusion ifuaction of the conversion degree, it is suggested|



before kinetic evaluation, an assessment of théfeete should be made for the entire range of
conversions and operating conditions.

Once the particle size is increased, it is likédgttthe rate of gaseous species diffusion in thregpo
becomes comparable to the reaction rate, leadiaditoited gas penetration into the char. Wheramntr
particle mass transfer is the controlling procesgitne 1) there is only a limited penetration bét
gaseous reagent into the particle, the Thiele muzdisl much greater than unity and the effectiveness
factor much less than unity. Conversion is confitedhe exterior surface of the particle, the size
diminishes with no apparent change in density. €quently the reaction rate is proportional to the
external surface of the particle and the conversiae to the particle diameter. For control by enéd
mass transfer from the bulk gas to the externdhsarof the particle (regime Ill), where the reawoti
takes place, the char shrinks at constant deridity reaction rate is proportional to the externalace

of the particle and a mass transfer coefficient.

Heat transfer may also play an important role irarclconversion, as the exothermicity and
endothermicity of combustion and gasification, exgfvely, may enhance the temperature gradient
between surface and core of the particle, espgdail thick particles and severe heating [121,133].
Both mass and heat transfer effects are enhancéiyhytemperatures. In fact, given the exponential
increase in the reaction rate, in the absence aflaguate increase in the supply of the gaseogsmea
and a reduction (combustion) or an increase (gasifin) in the rate of external heat supply, the
differences in temperature and gas concentratibmdss the bulk of the gas and the reaction sites al
increase.

The high exothermicity of char combustion also egsusncertainty in both particle temperature and
active site concentration [1] and may give risedaction rates much faster than the typical respons
time of measuring devices and feedback controlesystin kinetic analysis [121]. Also, the attempts
made to reproduce the high external heating ratesumtered in combustion at a laboratory scale
[134] "would result in mass/heat transfer contiligonditions for the laboratory equipment of the
kinetic measurements, and the results would refleet hydrodynamics of that specific piece of
equipment instead of the true combustion rate". d¢@urrence of homogeneous reactions in the gas
phase surrounding the particle depends on tempergitessure and size of the particle, thus further
complicating the interpretation of the data. CO &t} are products of char oxidation but their yields
vary with the operating conditions. In particul&Q formation is favored at high temperatures,
whereas C@may be a product of both char or CO oxidation. fidte CO/CQ is generally correlated
by an Arrhenius rate expression [1].

2.4 Factors affecting char reactivity

Char reactivity is affected by the morphologicalusture which, for a given fuel, is especially
influenced by the release rate of volatiles, tlgtthe pyrolysis conditions, and the amount and
composition of inorganic matter [135]. The effectk pyrolysis conditions on the properties and
reactivity in air of lignocellulosic chars have bemvestigated in several studies in relation te th
following parameters: heating rate, temperaturgdesnce time and pressure.

High heating rates during pyrolysis produce a mma&ctive char for both oxidation [134,136] and
gasification [79,113,114,137-140]. From the quatitie point of view, variations in the heating rate
during pyrolysis between 1 and 300K/s for a firethperature of 873K result in a time needed for
complete oxidation of small-sized pine wood chatiples decreased by about one order of magnitude
[134]. As for gasification with steam or carbonxae, chars produced from birch wood at fast (free-
fall reactor) and slow (thermobalance) heating msent a variation in the reactivity by factofs o
about two-three [137]. Also, for char particles gwoed from 10mm thick beech wood, the times for
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complete gasification (20% steam in At 1200K) vary in a ratio of 1-2.6 for externaltiag rates
between 2.6-900K/min during pyrolysis [79].

While, for slow heating rates, volatile pyrolysiogucts are released through the natural porosity a
no major change takes place in the particle moqayo|141], for fast heating rates the original gkt
structure is lost [142] as a consequence of mefimenomena [138-140]. Fast volatile release pragluce
substantial internal overpressure and coalescdnite @maller pores, leading to large internal tasi
and a more open structure of both wood [136] agdiri [138]. Hence, for pyrolysis carried out at
atmospheric pressure, chars produced at slow Igeediles mainly consist of a micropore structure
whereas those obtained with high heating rates lynpnesent macropores [136,138-140]. An analysis
of the literature review on coal chars [79] leaddHe conclusion that the surface area developed by
mesopores and macropores is a better indicatdhéoreactive surface than the total surface arsa al
including the contribution of micropores (below 2nnmvhich probably do not participate in the
reaction. Therefore, the increase of the char nagcivith the heating rate during pyrolysis can be
explained by the occurrence of gasification reasimainly on the surface of large pores [138] which
may also be associated with a higher total surfaea [139-140] and/or a higher concentration of
active sites [138]. It is, however, important toirgoout that the reported surface area values are
affected by the measurement techniqug @ or CQ, adsorption or Hg intrusion) [79].

The increase in the maximum rate of weight loss waoidtile yield observed at high heating rates
during pyrolysis also make shorter the residenc tof tar vapors in the pores, thus reducing the
activity of condensation reactions [142] and préwven char agglomeration and condensation of
fragments on the char surface [138]. These fragsngrtvide lesser active reaction site concentration
than char formed from primary reactions of wood aeposition [113]. The reduced activity of
condensation reactions during pyrolysis of wooctkéosubjected to microwave heating [143], which
results in the absence carbonaceous deposits lm¥enitroporous char structure, is also observed to
produce chars with a higher specific surface afaetdrs of about 2.5 compared with conventional
heating). Some considerations can also be maddatian to the physical structure of chars produced
from primary and secondary reactions, taking asesgmtative of the latter, those produced from bio-
oil devolatilization [55-58]. In this case it cae bbserved that microporosity is completely abseuit
the solid surface of the char is compact, glossy laittle with the presence of intact or burst blesb
Moreover thermogravimetric measurements [56] shbat the peak of the combustion reaction is
reduced (with respect to a primary char producedkeufiast heating) up to factors of about 2.5 and
retarded by about 30-60K.

In terms of elemental composition, rapid heatingrdy pyrolysis causes a weak diminution in the C
content (to the advantage of H and O) of the cR4r lhut differences tend to disappear at high
temperatures. The observation of the char microstra confirms the presence of larger amounts of
oxygen containing groups [142] and, in generalhbigcontents of hydrogen and oxygen [136] which
are related to the availability of active sites d@hds to enhanced reactivity [1]. In particularach
oxidation experiments [136] show that the CO/Q@tio is always lower for char produced at slow
heating rates (the more ordered the char strutharéower the oxygen content of the char). A smalle
amount of the surface is covered with stable caxpgmen C(O) complexes in favor of reactive
complexes, so that a faster rate of,G@mation is established (and a lower COLM™oreover, fast
decomposition seems to produce defective carbomoprigstallites having a higher concentration of
active reaction sites [113]. The heating rate distadd during pyrolysis is also a function of the
particle size so that, for thick particles, thethmgaconditions are different on the surface arertiore
internal zones [114]. Hence, it is easily underd#dote that the reactivity decreases for char preduc
from thick [144] or densified [145] samples. Vaitats in the final pyrolysis temperature between-773
873K (values of interest in fast pyrolysis) or tleention time (20-100s) do not appear to play an
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important role on the combustion reactivity of shsted char particles [134]. The negligible role
played by this range of final temperatures is &&md [104] for chars produced from thick partictés
different wood species. Higher temperatures (ald®#3K) cause a significant diminution in the char
reactivity as reported for both combustion [136,148] and gasification [113]. Indeed, the specific
surface area slightly increases with the devotaiion temperature up to values of 1078K and then
decreases, owing to structural ordering and miaepmalescence, with thermal deactivation (or
thermal annealing) of the char [136]. Similar tee tinfluences of pyrolysis conditions on char
reactivity, a high heating rate during char pretimga(before attaining the gasification temperafure
also increases the reactivity [148], but prolongegosure of char to high temperature reduces the
reactivity by thermal annealing [149].

The C content of char becomes successively highethe pyrolysis temperature is increased. For
instance, for pine wood and fast pyrolysis [19]jsitcomprised between about 78 and 89% as the
heating temperature is varied from 722 to 835K. ¢¢emhe increased structural ordering of the carbon
matrix with temperature [109] is responsible fowésing the concentration of reaction sites [113].
Increasing the solid residence time provokes effehilar to temperature, again improving strudtura
ordering in the resulting char [113,150]. Similasults are also reported for black liquor char [149
with a reduction in the porosity (and surface araajl a rearrangement of the char structure at a
molecular level. Furthermore, in the presence of €@ suggested that deposition of solid carkam,

a consequence of the reaction 200+CQ,, causes a decrease in the initial rate of gasifica
Decreasing the (external) pressure during pyrolgsiss rise to higher reactivities of wood chars in
carbon dioxide bearing atmospheres [139,140,148mRhe morphological side, larger cavities with
thinner walls inside the char particles are forn@adpably also owing to swelling and, at high hagti
rates, formation of clusters associated with mglénd fusion [139,140]. The increase in the redygtiv
with the decrease in the external pressure durnynglysis is attributed to a larger surface area and
reduced graphitization in the char structure [1806]1or a higher content of oxygen [148].
Furthermore, it should be noted that this resuttissistent with the lower reactivity of char geated

by secondary reactions of tar in the vapor phas®sea amount is highly reduced for pyrolysis carried
at low pressures [113] and, in general, by shaidence times of tar vapors inside the pyrolysing
particle [13]. Char obtained by vacuum pyrolysiglso a more suitable feedstock for activation with
steam compared to char produced at atmospheridtmg] again as a consequence of the limited
presence of carbonaceous deposits on the surfaténaile the char particles, resulting from the
partial adsorption of hydrocarbons formed during devolatilization stage [151].

Indigenous inorganic matter may act as catalystimapdove the efficiency of biomass gasification and
combustion, although the catalytic activity is aftél by metal dispersion (sintering), depending
among others on the pyrolysis conditions [152] Hrelmode of their occurrence (as minerals (mainly
in coals), salts or organically bound compoundsr{iaiss)) [147]. Alkali metals, such as sodium and
especially potassium, which is present in largeowams, are known to be active catalysts for the
oxidation reactions [147,153]. The oxides and saftalkaline (Na, K) and alkaline earth (Ca, Mg)
metals are also good catalysts for steam gasiicabf carbon [5]. A significant number of char
samples of different origin show gasification raile<CO; linearly dependent on the concentration of
the dominant metals in ash (potassium and calcijitd®]. Alkali metals also catalyze the
polymerization reactions of tar vapors, during pysc, thus increasing the yields of chars whicoal
become less porous and accessible to gaseous refjg5l.

A confirmation of the important role played by nrakematter on the reactivity of char is obtained by
examining the effects of pre-treatments consistihng/ater or mild acid leaching, which cause patrtial
demineralization (see, for instance, [42,155,156ars produced from leached biomass present a
higher surface area with respect to those genefedaduntreated samples [105]. However, oxidation
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and gasification reactivities are significantly wedd [42,105,147,157] (for instance, factors of4BO-
are reported for straw char combustion [147]). timeo words, water- or acid-soluble minerals have a
higher influence on char reactivity than the sugfacea does.

The ratio between carbon and the catalyticallywacsubstances is another important parameter éor th
char reactivity in relation to both gasificatiorb[l,158] and oxidation [121]. Indeed, the char redgt
increases with conversion, at low and intermediatels, essentially as a consequence of the inereas
of the surface area during the course of gasiticatAt high conversion levels (beyond 70%) a very
steep rise is generally observed, which cannotdgsiply explained by the development of the swafac
area, but may be attributed to an increased catasffect of the metallic constituents (mainly
potassium and lower amounts of sodium) of ashopWaig the increase of their concentration during
char conversion (see Fig.8).

Inorganic matter may also cause an increase irchiae reactivity only up to certain temperatures,
followed by a diminution owing to modifications the chemical occurrence of the catalysts and/or
changes in the char structure [147,152,153,159}. peat char [114], the steam gasification rate
increases to a maximum before decreasing as aidanof conversion, as a consequence of the
progressive deactivation of active substances asctalcium. Deactivation can result from sintering
and agglomeration, the formation of new mineral pounds or the occurrence of reactions between
the mineral compounds and the gasifying agents.chiaeges in the oxidation rate versus temperature
observed for chars from pectins/uronic acids ase alttributed [160] to modification in the alkali
metals. These bound in pectins initially as thé salronic acid group decompose (at 573-673K) to
produce a metal complex in the char which appayentlibits/shields the carbon char from oxidation.
Temperatures above 873K are required to decomgusemetal-char complex and to permit the
oxidation of surrounding carbon.

Although ash elements can exert a catalytic rol¢henreactivity of char, their presence can deeeas
the porosity to such an extent that the activeaseariarea is also highly decreased [135]. For instan
in the case of bark char [107], the large presehoalcium and transparent solidified material oiex
porous surface and the reduced porosity, with @gpevood char, certainly contribute to diminisie t
extension of the active surface area and, throhigh the apparent reactivity of the material. Irdlae

is easily understandable that the more internaicgire becomes hardly accessible to the gaseous
reagents for the heterogeneous reactions.

Differences between the reactivity of chars obtaifrem different wood species are small [104,119].
In relation to this issue, De Groot and Shafizadé€1] write that "the distinction between hardwoods
and softwoods is apparently insignificant, apaotrfrthe catalytic effects of the ash content”, again
pointing out the importance of inorganic matterunally present in lignocellulosic fuels. Probalityst

is also the main factor responsible for the lanfiences exhibited by biomass (agricultural rasi)
char with respect to wood char for both combustid1] and gasification [112,120].

3. Chemical kinetics of biomass/char combustion angasification

In this section, the structural and kinetic conitibns in the mathematical description of char tigdg

are evidenced. Then mechanisms, rate laws andwgtalicnodels are presented including a survey of
the kinetic parameters currently available for firecesses of char gasification and biomass/char
combustion. As the carbon-hydrogen reaction is glmav for most practical applications [1], only
gasification with CQand HO is examined.

3.1 Kinetic and structural effects during char cersion
The reactivity R, that is, the rate per unit padeticor sample) mass, as defined by eqn.(1) is lysual
measured for the evaluation of the overall kinet€xhar conversion. Models of char reactivity are
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often indicated as structural or volumetric [163jructural-type models try to describe the internal
solid matrix (grain models) or the internal poreusture (pore development models) and the
modifications taking place during char conversisa,requiring significant effort for the independent
determination of model parameters. In the voluméipe models, changes in the porous structure
during conversion are described by means of engpidorrelations where porosity or pore properties
do not appear explicitly (the conversion, X, is ftude variable introduced in almost all the modédis)
this review a distinction between the two typesnaidels is not considered. Indeed, the reactivity,
which is a function of temperature, concentratibig@seous reactants and degree of solid conversion,
can always be expressed [120] by means of a cherkicatic term, ¢ (T,R), accounting for
temperature and reactant partial pressure effanots,a structural termg ¢X), implicitly or explicitly
assumed to describe the effects of available iatesnirface (actual surface over initial surface,
S(X)/S), available active or reactive sites(@nd pore evolution (porosity, pore size and s)aged

to be invariant over the temperature-pressure damai

R=r,(T,R) 1,(X) @

The assumption of invariant structural profile ist mlways valid as evidenced [120], for instance,
when considering the effects exerted by temperadnck partial pressures of gaseous species on the
activation of catalytic sites. Therefore, a ranfeemperatures and partial pressures of gasifygents
should always be specified for the validity of tlissumption. Only if the assumption of invariant
structural profile is approximately valid, a refiece profile (Ry) can be used to eliminate the structural
effects from reactivity and to introduce a normadizeactivity (R) representative of intrinsic kinetics:

Rn = R/Rref = rc (4)

Given the dependence on conversion, a specific arsion value is selected forR typically the
initial 10 or 50% (the latter value has been seléctby the most recent investigations
[112,116,119,120], with R(X)=8&F(X), where F(50%)=1 andsRis the representative reactivity) or a
normalization of the structural term is made wibkpect to the maximum value [105].

As anticipated, the conversion of a char partigdsufts from the interaction of several physical
processes, among which the most important are trexssfer through the pores within the particle and
mass transfer of the gaseous reagents to the axiafrithe particle, and intrinsic kinetics of the
reaction. In order to evaluate the intrinsic chexhidnetics, conversion should occur in the regime
and thus to separate the contributions of chemeastd/ transport phenomena, reaction conditions (low
temperatures and high flow rates of the gaseougae), sample characteristics (low amount of mass,
small particle size) and sample position in thectiea environment (for instance, crucible locatmh
the thermogravimetric system [127,128]) should tecaately chosen.

3.2 Mechanisms and rate laws of char gasification
The carbon dioxide gasification of char has beeteresively studied and the following oxygen
exchange mechanism is postulated [1,116]:

C, +CO, ¥#¥® C(0)+CO (al)
c(0)+co¥#® C, +CO, (a2)
c(o)¥#® co+c, (a3)

where K, k; and k are the usual Arrhenius rate constantseresents an active carbon site and C(O)
a carbon-oxygen complex. The presence of CO pradanenhibiting effect by lowering the steady-
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state concentration of C(O) by the reaction a2. Jdwmfication rate, in accordance with reactionsaal
and applying the steady-state assumption for ti@ Complex, can be expressed as:

— k1PC02 (a5)
¢ 1+ (kZ/kS)PCO + (kl/kB)PCOZ
where Roz and Ro are the partial pressure of g@d CO. When the CO concentrations are small

and/or the inhibiting effect exerted by this spedgnot taken into account, a simple global madel
be applied:

r

a4,6
C+CO,® 2CO, r, = Aexp- E/RT)PL, (a40)

(A is the pre-exponential factor, E the activatienergy, R the universal gas constant and n an
empirical parameter).

The steam gasification of char also takes placeordony to several steps as summarized in
[1,119,163]. Gasification with steam is more compllean CQ gasification because of the action of
H,, CO; and CO following the equilibrium of the water gdsftsreaction CO+HO=CQO+H, (this
reaction usually proceeds very slowly in the abseewfccatalysts or inorganic matter in biomass). The
amount of CH formed at atmospheric pressure is small (usuatlected) and is thought to be due to
a side reaction between carbon and hydrogen [244jigh pressures, the amount of methane, formed
as a consequence of the direct attack of steanexairw carbon atoms, is considerable and cannot be
ignored. Steam gasification of carbon takes plam®ming to two basic mechanisms indicated as the
oxygen exchange mechanism and the hydrogen indmbmnechanism [119,163]. The steps to be
considered are:

C, +H,0%® C(0)+H, (b1)
C(0)+H,¥#® C, +H,0 (b2)
c(o)¥#® co+c, (b3)
C, +H,¥¥® C(H), (b4)
C(H),¥¥® C, +H, (b5)
C, +V2H, ¥¥® C(H) (b6)
C(H)¥#® C, +%H2 (b7)

(ki-k7 are Arrhenius rate constants). The oxygen exchamgehanism consists of steps bl-b3. The
hydrogen inhibition mechanism may consist eithesteps bl, b3 and b4-b5 or steps b1, b3 and b6-b7.
For the oxygen exchange mechanism, hydrogen indnbis due to the equilibrium of the dissociation
reactions b1-b2. For the first hydrogen inhibitimechanism, the formation of the CgHomplex is

the reason of the inhibition. In the other caséjssociative chemisorption ofHon the active sites
occurs and in this way the active sites becomeaoogssible for the oxygen transfer with steamllin a
cases, the surface rate equation is formally idahfL19]:

kl PH 20 (7)

fy =
1+(k1/k3)PH20 + f(pHZ)
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where R20 and R, are the partial pressures of®Hand H, respectively, and f(p) depends on the
selected mechanism. The following expressions lr&med for the oxygen exchange

k

f(Pu) =1 Pus (8)
the hydrogen inhibition by formation of the Cgtpmplex

{CMESLH ©
and the hydrogen inhibition by formation of C(H)ngplex

f(Py2) :E—jpﬁi (10)

Similar to CQ gasification, the majority of kinetic analyses plynconsiders a global model for char
gasification with steam:

C+H,0® CO+H,, r, =Aexd- E/RT)P!,, (11)

The expressions of the char conversion rates withrampeter values [112,113,115-
120,129,132,133,146,148,157,158,161,162,165-169}sammarized in Tables 1-2 for ¢@nd HO
gasification, respectively. The temperature andggree applied during gasification, the origin aize s
of the particles and the pyrolysis conditions dse aeported. To facilitate the comparison, a prope
examination of the original expressions has beettenb@a model the progress of the reaction in terins o
dX/dt, to include a dependence on the partial pressf the gasifying agent (instead of the molar
concentration) and to express the structural doution (in square brackets in Tables 1-2) by mexdns
the conversion, X, so that the general expressikestthe form:

C(lj—)t(:KPi' rs(X), K =Aexd- E/RT), i=CO,,H,0 (12)
Several authors [112,116,117,119,120,129,131,18262,165] propose a rate of char conversion
with a kinetic contribution and a structural terbut simple pure kinetic laws have also been used
[113,115,118,133,157,158,161,166-169]. In some x4%&3,115,117,118,133,157,158,166,167] the
pre-exponential factor also incorporates the paprassure effects (not explicitly described in the
reactivity model), so that the kinetic parameteageha more limited range of validity. Tables 1-Bwh
that the experiments have been carried out at gineo pressure (apart from [148] for €&nd [117]
for H,0O), within a range of partial pressures of the fyagj agent. The presence of CO [112,116,133]
or Hy [117,119], to investigate the inhibition on the £&hd HO gasification, can be found only in a
few experiments. The results obtained by Groeneaaltl Van Swaaij [162], using a mixture of £0
and HO, include a power-law dependence of the kinetie o the sum of the G&@nd HO partial
pressure. The variability of the pre-exponentiaitda, over two orders of magnitude, probably takes
into account the changes in the composition ofymeous mixture.
Experiments carried out to determine the gasificatrates generally foresee the production of
isothermal data, according to the procedure desdritbove (except for the dynamic analysis by
Cozzani [146]) with significantly different range$ temperatures (comprised between 973-1280K for
CO, and 823-1273 for ¥D). A large majority of the studies is focused avod but some consideration
Is also given to agricultural biomasses such asmaicshells [133], rice husks [132], straw [120]167
olive stones [112,129], grapefruit peels [157], aeflise derived fuel (RDF) [146]. The char samples
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analyzed are mainly generated under conditionso®f pyrolysis justified by the use of thick pargsl

in gasifiers (between 6-200mm for fixed-bed reactond 3-50mm for fluidized bed reactors [68]). The
thermal conditions during pyrolysis are varied 113,117] but their effects are modeled only in ®rm
of kinetic parameters and not explicitly by the eegsion of the gasification rate. An attempt irsthi
direction is the treatment proposed by McCarthyOJ1Where, apart from the usual Arrhenius
dependence on temperature, the effective rate ainatso considers a contribution of the form exp(-
E4/RT,), where R is the energy of thermal deactivation andfie temperature of char preparation.

An examination of the results of the kinetic evéluas (Tables 1-2) shows that the exponent of the
gaseous reactant pressure is around 0.4-0.6 arid f0rdCQ, and HO gasification, respectively. The
corresponding activation energies vary between®#2'mol (with a large part of the values around
200-250kJ/mol) and 143-237 kJ/mol (with a large pathe values around 180-200kJ/mol). The lower
E and the higher n values evaluated fgDH)asification are probably representative of tighdr rates
with respect to those of G@asification [79,80]. Apart from a very few exdepis, it appears that high
activation energies are typically computed for firecess of char gasification. In fact, a value of
210kJ/mol is also proposed by an empirical con@taf6] for the CO2 gasification rate of thick (10-
34mm) char particles (apart from the Arrhenius terapure law a power law dependence is also
postulated on the GQroncentration (exponent equal to 0.71) and th@limarticle radius (exponent
equal to -0.81)).

In accordance with the analysis about the factffecting the char reactivity, the kinetic paramster
are found to depend on the pyrolysis conditions 3[117,148,157,158,166] and the ash
content/composition of the samples [157]. Also, ¢isémated values of the kinetic parameters for the
global one-step reaction appear to be altered byctimposition of the gaseous mixture [117]. As
expected, when a structural term is not expliditigiuded in the reactivity expression, a dependemce
the conversion degree is also evidenced [157,F@®vever, while all the investigations are concord
on the qualitative effects exerted by various patans on the measured char reactivity, univocal
trends in the estimated values of the kinetic patans (E,n) cannot be observed. Thus the diminution
in the activation energy (from 218 to 138kJ/mol}tlaes heating rate is decreased or the temperaure i
increased during pyrolysis, reported by Kumar angptd [113] and attributed to an increased
reactivity, does not find a confirmation in the kxdions of Ref. [158]. Similarly, the parameteos f
the CQ gasification kinetics of wheat straw char are fdyghe same as wood [120] although it is
well known that herbaceous biomass presents highi ahetal contents which catalyze the gasification
reactions. On the other hand, the much lower aabiwaenergies (133-143kJ/mol) of chars from olive
residues are attributed [112,129] to the high mit#@s content of the ashes. Moreover, water extdacte
char, where the alkali metal content is presum&idy present activation energies lower than thdse o
untreated char in [157]. The estimated values efattivation energy do not show a clear trend on
dependence of conversion [157,158]. Finally, Baamol coworkers [119] examine the influence of the
reactivity definition on the computation of the &tit parameters. It is found that the selectiora of
representative reactivity value does not affect édemated activation energies and reaction orders.
Given that the definitions of representative reaigstiare related to a fixed degree of conversibe, t
differences appear as a multiplying factor incogped into the pre-exponential factors. In this rdga
the accuracy of the calculations might also bectéi

From the analysis of the data of Tables 1-2 it loarunderstood that, in addition to the differenices
the experimental technique, operating conditionsl @ample characteristics, the method of
mathematical analysis and heat/mass transfer iatrsis(these especially related to the particle
size/mass and the reaction temperature) may ssgnify affect the computed values of the model
parameters. It is explicitly stated that very snpaliticles (below 0.06mm) are used only in a fesesa
[116,119,120,129], while other studies are baseganticle sizes of about 0.4-0.8mm or even up to
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several milliliters [113,118]. Furthermore, as altg noticed, gasification temperatures above 1173K
[129,132] introduce non-negligible mass transfertations.

To carry out a comparison in terms of actual vahlfeke kinetic contribution in the reactivity, Figes
10-11 propose an Arrhenius plot fecomputed over the temperature range 800-1250Knadsgtheric
pressure of the gasifying agent (when all the mpdeameters are available). The results by Bhat and
coworkers [132] are excluded because higher byratweeders of magnitude in comparison with the
other cases, whereas the lower and upper boundar@®sded for the pre-exponential factor by
Groenenveld and van Swaaij [162] are referred tg @@ HO gasification, respectively. Apart from
the expected role played the activation energyeslfior instance, see the much slower slope of the
Arrhenius plot for the kinetics with low activatie@nergies [112,129,148] compared with that of the
group of high activation energies in Fig.10), indse observed that the actual kinetic contributiares
significantly different. For instance, given a teerture of 1000K, rvaries between about 3x1¢"
[162] to 1.38[148] for CQ; gasification and between 5xi' [169] to 2x10’s™ [131] for HO
gasification.

The more complicated Langmuir-Hinshelwood kinetgcsonsidered only in a few cases for both,CO
[82,112,116,171-173] and ,.B [82,119,168] gasification. The agreement betwpesdictions and
measurements of the reactivity versus the partiasgure of the gasifying agent at the various
temperatures is improved by these more complicatechanisms [119]. Not all the studies provide an
estimate of the kinetic parameters, but an examimadf the activation energies for the reaction
mechanism al-a3 of G@asification, as collected by Barrio and Hustads]ldnd taking into account
successive work [112], shows that &ways assumes very low or negative values, aecuesce of a
Kinetic constant for the reaction a2 practicalldependent of the temperature. As for the other two
reactions, Eis in the range 60-245kJ/mol angd ik the range 120-421kJ/mol. The higher valuesef t
latter support the speculation that the gasifiecatibcarbon is the limiting step in the mechanisiva8.
Some evaluations of the Langmuir-Hinshelwood koeetf char gasification with steam, based on the
oxygen exchange mechanism b1-b3, have been comiddreld In this case the activation energies are
quite high for all the reactions of the mechanistibB (5=149-214kJ/mol), E=140-280kJ/mol,
E;=225-273kJ/mol) but the third reaction (carbon fieation) presents slightly higher values again
indicating that carbon gasification is the slowssp.

3.3 Mechanisms and rate laws of char combustion

The reactions of carbon and oxygen have been exéyninvestigated for coal char ([1,4] and Refs.1-
11 reported by Bews and coworkers [3]) but stidgant aspects that are poorly understood. However,
it can be assumed that the mechanisms of char aiimbisummarized by Hurt and Calo [4] for coal
chars are also, in principle, applicable for thosginated from lignocellulosic fuels. The most wig
used treatment is based on a simple global reaction

C+0, ® CO/CO,, r, =k,exd- E/RT)PL, (13)

where R is the partial pressure of,Qn reality, the carbon-oxygen reaction considta series of
adsorption and desorption processes includingath@sing [4,174]:

2C, +0, ¥#® 2¢(0) (c1)
c(o)¥#® Co (c2)
2C(0)¥#® CO, +C, (c3)
c(0)+0, ¥¥® co,/co+C(0) (c4)
C, +CO, ¥3® CcO+C(0) (c5)
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where Kk-ks are Arrhenius rate constants. The reaction clesgmts the chemisorption of oxygen on
active sites and the reactions c2 the formatio€©f through desorption (similar to the gasification
mechanisms, s the number of active or available sites and)CG{@arbon-oxygen complex which
occupies the site). Formation of €y surface reaction is also observed (reactioroc®y interaction

of the gas phase oxygen with surface complexestiogac4) which may or may not involve the
generation of a new complex C(O) on the produc.sithe reaction rate of G@nd carbon (reaction
c5) is much slower than that of,@nd carbon. Therefore, reaction ¢5 is usually wedl as a
significant step, when considering the carbon-oxrygeaction. Semi-global mechanisms have been
modeled in terms of kinetic laws [4] of the LangmHinshelwood form. The simplest of these, taking
into account reactions c1-c2, is:

r = klkZ POZ

= 14
© kP tky ()

whose parameters, however, have not yet been égdlt@ the chars of interest in this review.

A one-step global reaction is used by several asttoodescribe the process up to complete conversio
[86,104,107,121,122,134,147,175,176] but multi-stejalels have also been proposed. The additional
steps concern the low-temperature devolatilizatddnchar [104,107] or both devolatilization and
combustion of char [105,107], but none of the neast can be referred to the mechanism cl-c5
previously introduced. Parallel reactions are akvpyoposed but a comparison with series reactions
[177] shows that kinetic evaluation produces iraatriactivation energies and pre-exponential factors
(small variations in the amounts of volatiles relsé for each step). The expressions for the rdtes o
char conversion with the estimated kinetic paramsefier the one-step models and the quantitatively
most important combustion reaction of the multpsteodels (the parametar. represents the
corresponding amount of volatiles generated in $epfrsolid mass fraction) are summarized in Table 3
(the structural contribution is again enclosed fyase brackets). Information is also provided about
the conditions of char production and combustion.

Several authors [104,107,121,147,176] incorporhate dependence of the reactivity on the oxidant
partial pressure into the pre-exponential factorthat the results obtained are rigorously vality dor

the gaseous mixture (air) used in the experimémsdstocks include wood, agricultural biomass, RDF
and wood components (cellulose, lignin). Both matker[86,104,107,121,122,147,175] and fast
[104,134] heating rates have been applied duringlpsis. Flash carbonization [178] is used for the
samples studied in [105]. The char combustion expts have been conducted either under static
[134,175] or dynamic [86,104,105,107,121,122,146]1@onditions with maximum temperatures
between 623-1273K (typically a value of 873K is djse~inally, the majority of the experiments
examines air or oxygen concentrations below thealues.

Significant variation is shown by kinetic parametewith activation energies roughly comprised
between 76-229kJ/mol for the chief combustion reactQuantitative differences are caused by the
same factors as already pointed out for the gasific kinetics (biomass properties, operating
conditions and devices of the experiments, pyrelysinditions, amount and composition of ashes).
However, it is known that, for dynamic thermograeinc experiments, differential (versus integral)
data should be used in kinetic evaluations becthuseletails of the weight loss process are better
shown [13]. Moreover, low values of the activatemergies are generally produced when a single-step
reaction is applied to fit a temperature dependdémaearises from the occurrence of different neast

in different temperature intervals [105]. Anothepact to be taken into account is that, apart fitoen
most recent studies [104,105,107], kinetic evatuetihave been made by means of one experiments
only so that it cannot be excluded that the resuktsaffected by compensation effects.
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Specific investigations on the variability of thén&tic parameters confirm that the use of integral
measurements and the disregard of the devolaidizatage give rise to low values of the activation
energy of the combustion reaction. More specifical n-order global reaction, which produces a poor
description of the differential curves, requirelatigely low activation energies (around 100kJ/nfol)
both wood char [104] and oak bark char [107]. Thmbination of a global one step reaction of char
combustion with a first-order reaction for the deitization stage results in accurate predictiofs
both integral and differential weight loss curv&84] and a higher activation energy of the comlounsti
reaction. As shown by the example for pine woodr ¢paoduced by slow pyrolysis) in Fig.11, the
devolatilization stage foresees the release oflaively small amount of volatile matter (generally
between 16-20%), but this model is accurate andemts an activation energy of the combustion
reaction of 183 kJ/mol (versus 114.5 kJ/mol for thee-step global reaction) [104]. The
devolatilization stage is well described by relalyvlow activation energies [104,105,107] and an
increase in the number of reaction steps (fromtorte/o) does not improve visibly the accuracy @& th
predictions [104]. Excluding the cases of low aation energies estimated by means of the one-step
global models and the integral data [121,134,17%],1Table 3 shows activation energies of the
combustion reaction comprised in the range 140-280&l, with the upper boundary comparable with
the values reported for the low-temperature zoreoaf char or graphite combustion [3].

The differences in the char reactivity derivingnrahe wood species can be taken into account
essentially by the pre-exponential factor [104].r Fark char [107], the combustion reaction is
associated with a lower activation energy (169 w&rs82kJ/mol) which may be partly explained by
the differences in the morphological structure @iod and bark chars. A clear trend in the activation
energies, introduced by demineralization of themaes samples, cannot be seen from the values
reported for straw [147] or corncobs [105], althbug diminution in the reactivity is evident.
Moreover, the activation energy of both the ong-stembustion reaction and that of the combustion
stage in multi-step models become significantlyhbigfor the chars generated from thin wood pasicle
in fluidized-bed reactors (167 and 229kJ/mol, retipely) [104]. On the other hand, an increase [147
or a slight decrease [105] in the activation enesfjjhe combustion step is reported as the pyrslysi
temperature is increased (and the reactivity deesa Hence, a clear trend in the estimated kinetic
parameters is not shown as the char reactivityeas®s as a consequence of fast heating rates and/or
low temperatures during pyrolysis.

Diffusion effects and deviations of the actual cension temperature with respect to the programmed
(assigned) value may also play an important rolénestimated values of the activation energies. F
conversion in the regime Il and a Thiele modulusvab3 it is indicated [126] that the activation
energy of the combustion reaction approaches halirttrinsic value. Moreover, for the regime Ihet
observed activation energy is small and the obsergaction order with respect to oxygen is unity. |
iIs worth noting that evaluations of the Thiele mlogufor pulverized bagasse char lead Luo and
Stanmore [122] to conclude that the combustionti@acfor the conditions of their study, occurdte
regime Il. However, this conclusion is not suppdrtey the high activation energy estimated
(180kJ/mol).

The reaction mechanism c1-c5 can be used to jusigfyariation in the reaction order with respect t
Po2 as the reaction conditions are varied [134]. Treetien order with respect taofPwill be 1 when

the reaction cl is the rate-limiting step (tempaned above 973-1073K). When the reactions c2 and c3
are rate-controlling (temperatures below 573-672K3ero-order dependence is found. A competition
usually exists between cl and c2-c3, so that thetimn order is something between 1 and 0, as
confirmed by the values listed in Table 3 and rduglomprised between 0.5 and 1.

To carry out a comparison in terms of the actudles of the kinetic contribution in the reactivity,
Figure 13 proposes an Arrhenius plot fgrcomputed over the temperature range 650-950K at
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atmospheric pressure for the analyses where aliribéel parameters are available. When various
feedstock or pyrolysis conditions are used onlgvwa &re taken as representative of the resultspfne.
wood char [121,176], slow pyrolysis [104]). Alsdet results obtained [147] for the straw char
generated at high pyrolysis temperatures are rodaded in the plot because they producealues
lower about two orders of magnitude with respedhtise obtained at low pyrolysis temperatures (and
comparable with the pyrolysis temperatures of o#tadies). It can be seen that the actuadaiues
vary over a range of about two orders of magnit(gieen a reaction temperature of 800K, they are
comprised between about 0.03 and 1)3s

3.4 Structural models of char conversion

In the models of lignocellulosic char reactivity kenetic term can be straightly identified whileeth
structural contribution takes different expressiodss it appears from Tables 1-3 (structural
contribution in square brackets), which summarize teactivity expressions proposed by several
authors for lignocellulosic char conversion in gresence of C& H,O and Q, a structural term is
absent in some cases [113,115,118,133,147,157@B&36-169]. The large majority of the structural
models assumes a simple linear [86,117,122,1311,482,62] or a power law [121,104,107,134,176]
dependence on the char mass fraction (in the ledies exponents are in the range 0.4-2). A 5-@tbror
polynomial in the conversion is proposed in [1185,119,120,129]. In this category can also be
included the empirical functions with adjustablegmaeters proposed for G@asification of poplar
char [148] and combustion of corncob char [105].rébwer, models originally formulated for coal
have been used in [165] for G@asification of beech wood char (this model ixpressed in Table 1

in terms of conversion, X) and in [175] for thedrgretation of the oxidation curves of hardwood and
lignin char (in this case the Bhatia and Perlmutterdel [179] is used, which refers to the ratio
S(X)/S, that is, the relative change in the availableadtee) surface area during reaction). An
investigation about the performances of the mogf@r structural models of coal char conversion
when applied to describe pine wood char oxidati34] shows that none of these produces a better
description of the measured conversion curves tharsimple power-law model. A few attempts have
also been made to modify structural models propdsethe heterogeneous reactions of coal to take
into account the peculiarities of biomass/wood shén general, these models do not include any
kinetic law but are somewhat empirical in that thisg adjustable parameters to take into account the
variations in the char reactivity with temperatared/or catalysts such as in [180,181]. In theseiesu
the isothermal thermogravimetric data of C@asification of fir wood char are used to modifet
Bathia and Perimutter model [179], describing tharges in the char reactivity exclusively in tewhs
structural variations. In particular, modificatiohave been introduced to predict the higher regygtiv
(with respect to the predictions of the random pmadels) at high conversion (beyond 70%). The
parameters of the empirical model vary with thectiea temperature and the pre-treatments of the
sample.

3.5 Kinetics of wood/biomass combustion

As already pointed out, as a consequence of thd saraple mass and the mild thermal conditions
applied to reduce the effects of heat and masssfeanntrusions and to control the reaction
exothermicity, thermogravimetric curves of woodbommass combustion [83-98,107] show two main
reaction zones, corresponding to solid devolatitire and char oxidation, respectively. The
mathematical treatments of the data always consiéeolatilization models for the first stage, tigt
only the rate of volatile release is described [Mgjreover, a highly simplified approach is commponl
used based on two global reactions for the firgt sacond zone of the weight loss curves (a power-la
dependence on the solid mass fraction takes wusuallp account structural effects)
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[84,85,88,93,94,97]. For both devolatilization asainbustion, widely variable activation energies are
reported although they are quite low (roughly 6@Bmol for solid devolatilization and 30-
150kJ/mol for char oxidation). As for the first gtethis result stems primarily from the high
simplification introduced by the one-step reactiondel to describe a process which is complicated by
the composite nature of the biomass fuels (the ritution of the main constituents in the
thermogravimetric curves), the use of integral guerdifferential) data and the possible presence of
compensation effects, as extensively discusseddoomposition in inert atmospheres [13]. The larger
variations between the kinetics for the combussitap can be probably due to the stronger role dlaye
by the nature of the samples especially by theerdrdind composition of ashes which catalyze the
reaction. Also, inaccuracies in the thermogravimnatreasurements, owing to the very small mass of
the sample after devolatilization, may be anotlise for such discrepancies.

Improvements are represented by models where taal#ization stage is described by two [90,96],
three [98] or four [107] reactions, similar to thmetic models of biomass devolatilization in inert
atmosphere describing the release of volatile méiden the main chemical pseudo-components [13].
In particular, results obtained for two wood spedieeech and Douglas fir) [98] show, for the pseudo
components hemicellulose, cellulose and ligninjvatbn energies of 106, 226 and 114kJ/mol
respectively, which compare well with the valueseatly found in the absence of oxygen (the
combustion step presents an activation energy 8kJ/&ol). Lower values of the activation energies
of the four devolatilization reactions (70-100kJImioave been estimated [107] for oak bark, most
likely owing to a very peculiar chemical compositithe main components are extractives and lignin
with small amounts of holocellulose) and the high eontent.

4. Conclusions

The distribution among gases, organic condensabléupts, water and char from lignocellulosic fuel
pyrolysis is highly affected by size and physic@itiical properties of the particles, external heatin
and reactor configuration. These can be summanztgtims of average heating rate/temperature of the
solid and the reaction environment and residemoe bf the tar vapors in the hot reaction zone. The
literature provides sufficient information for woad relation to both yields and composition of
products whereas considerable less work has bestedcaout for biomass and the results are
essentially limited to product yields. As for chan, quantitative terms, given external heating
temperatures of about 650-950K, pre-dried hardwoadd softwoods produce yields roughly
comprised between 28-10% and 40-20%, dependin@sin(fluidized bed reactors and particle sizes
below 6mm) or slow (packed beds of small-sizedigad or thick samples) pyrolysis. Biomass, in
particular agricultural residues, produce highearchields (up to factors of about two, on ash free
basis, with respect to wood) originated from largentents of lignin (and C) and alkali compounds
(the latter catalyze charring reactions). Quantatontributions of primary and secondary reaction
on the amount of char formed are still unknown &amther research work on these aspects is highly
desirable.

As a consequence of the much faster rates of pgholysis compared with those of char conversion,
char yield and reactivity are the main factors ctifegy the feed rate and size of combustors and
gasifiers. On the other hand, the properties ofstiiel and the pyrolysis conditions not only afféo
amount of char produced during pyrolysis but aksoreactivity. The gasification and combustion
reactivity of char decreases when temperature atehtion time established during pyrolysis are
augmented and/or the heating rate is diminishededd, an increase in the structural ordering of the
carbon matrix (thermal annealing) and a reductiothe oxygen containing groups is observed, in this
way lowering the concentration of active sites. Btowrer, under fast heating, particles undergo a
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molten phase with the consequent creation of sneoatinfaces and spherical cavities. The micro-pore
network, a reproduction of the wood structure pne=e by slow heating rates, is reduced owing to
melting in favor of macro pores where heterogengeastions mainly occur. Conditions that favor the
activity of intra-particle secondary reactions, fsus high external pressures and slow heating rates
(and rate of volatile matter release), cause tposigon of secondary char fragments on the primary
char surfaces. Apart from a reduction in the speecifirface area, it appears that secondary chars ar
less reactive than primary chars and, on globaingerthe reactivity is reduced. However, the
understanding of these features is essentially qulitative and further research is needed toigeov
the basis for the formulation of reliable kinetiodels.

It is speculated that the nature of the lignocelBid fuels does not affect significantly the char
reactivity and the differences among various sampbn be attributed essentially to the amount and
composition of ashes, more specifically to the lgtitaeffects exerted on the heterogeneous reagtion
by some compounds (mainly alkaline and alkalinghearetals). Partial elimination of water- or acid-
soluble minerals has been observed to reduce,ast ey one order of magnitude, the oxidation
reactivity of char despite an increase the spesiiitace area. In quantitative terms, the catafditon
varies during conversion owing to modificationstire ratio between carbon and the catalytically
active substances, the chemical occurrence of dhaysts (for instance, deactivation resulting from
sintering and agglomeration) and char structure.

Three conversion regimes of char are usually censd] based on the Thiele modulus and the
effectiveness factor. To evaluate the intrinsicekics of the heterogenous gasification and combusti
reactions, experimental conditions should be estaddl so as heat and mass transfer limitations are
avoided (regime 1). However, only a very few kiedtivestigations give the due consideration toghes
aspects and, contrary to pyrolysis, researchers sede only partially aware of the possible flaws

the measurements and analysis of the data. A lpage of the experiments, motivated by kinetic
analysis, has been made using thermogravimetryrustdéc (isothermal) conditions for gasification
and dynamic (assigned heating rate) conditiongdonbustion. Measurements are generally expressed
in terms of reactivity versus conversion and idsepted that the mechanisms of char combustion and
gasification (these taking into account the inlmigteffects exerted by CO (G@asification) and H
(steam gasification)) formulated by the extensiweestigations about coal chars are also applidable
lignocellulosic fuels. However, the most widely dseeatment is based on a simple global reaction
where the reactivity is modeled by means of a chahkinetic term, accounting for temperature and
reactant partial pressure effects, and a structooalribution describing the effects of porosity
evolution and available internal surface area oiceatration of active sites.

Structural models mainly assume a linear or a pdawrdependence of the reactivity on conversion
although the most recent studies on gasificatiamp@se 5-6 order polynomials. Specific structural
models, originally developed for coal, have alserbeised for the interpretation of the conversion
curves of lignocellulosic chars but, at least fombustion, they do not appear to produce betteltses
than the simpler power-law model. The kinetic cimition is always modeled by the Arrhenius
dependence on temperature and a power-law depemndartbe partial pressure of the gaseous reagent.
Moreover while the kinetic contribution is takertdraccount by all the reactivity models, in several
cases the structural contribution is completelyeahsHence, the different formulation of the reatyi
models is the first cause for the discrepanciesrgrestimated values of the model parameters and
numerical predictions. Variations can also be lated to the differences introduced by the
experimental techniques, the operating conditioihe sample characteristics (chemico-physical
properties and pyrolysis conditions) and the metbiddnetic analysis.

A comparison of the predicted gasification reattg, using those models which provide data for all
the parameters, show values varying by about faders of magnitude. There is quite good agreement

23



in relation to the high values of the activatiorergy with a large part comprised in the ranges 200-
250kJ/mol and 180-200kJ/mol for @G@nd HO gasification, respectively. The correspondinggesn

of the exponent of the gaseous reactant presseralsut 0.4-0.6 and 0.4-1. However, despite the
agreement among the various researches about pleeireental trends shown by reactivity on various
factors (pyrolysis conditions, content and compeosibf ashes, etc.), the estimated kinetic constdat
not show an univocal trend on dependence of these $actors. Therefore, further research effors ar
required for the formulation of global models ofachgasification valid over wide ranges of
experimental conditions which can reliably descrtbe influence of the key parameters on char
reactivity. Also, the more complicated Langmuir-Blirelwood kinetics is considered only in a few
cases, often with the sole evaluation of the ratestants at a selected temperature.

Early kinetic models of wood char combustion, usingggral thermogravimetric dynamic data for
parameter estimation, consist of a one-step gl@azadtion characterized by relatively low value$hef
activation energy (below 100kJ/mol). These providery poor predictions of differential
thermogravimetric measurements and their paramatersiot free from compensation effects. More
recent investigations use multi-step models foritierpretation of differential thermogravimetriate,
measured under different thermal conditions. s thay the so-called char devolatilization is taken
into account (release of about 6-25% of volatiletera followed by the actual combustion step (in a
few cases this is described by two steps). Tharment produces accurate predictions and givesaise
much higher activation energies of the combustieaction (140-230kJ/mol). However, similar to
gasification, the trends of the estimated kinetargmeters on dependence of important factors
affecting the char reactivity are not in agreensend differences in the predicted reactivities dkast
two order of magnitude are calculated. These cigtantes and the small number of studies currently
available and focused only on a few specific feetist put into evidence the need of more
comprehensive investigations also in this sector.
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FIGURE CAPTIONS
Fig.1 - Yields of char (% dry solid basis), on degence of the heating temperaturgfrom fluidized-
bed pyrolysis of hardwood ( [14-16]; V [18]; L [20]) and softwood { [17], ~ [19]; : [18])

species, fixed-bed pyrolysis of beech wo$d30]) and pyrolysis of thick (40mm diameter) cylard
[29] of hardwoods § beech;U chestnut) and softwoods (pine; _ Douglas fir; K redwood) species.
Fig.2 - Yields of liquids (% dry solid basis) onpgmdence of the heating temperaturg,(Gonditions
and References as in Fig.1).

Fig.3 - Yields of gas (% dry solid basis) on depsra® of the heating temperature, (€onditions and
References as in Fig.1).

Fig. 4 - Yields of char (% dry and ash-free solasils), for a packed-bed of biomass or wood pasticle
[35], on dependence of the heating temperatwe, T

Fig. 5 - Yields of CQ (% dry solid basis) on dependence of the heagngperature, d (conditions
and References as in Fig.1).

Fig. 6 - Yields of CO and #D (% dry solid basis) on dependence of the heagngperature, d
(conditions and References as in Fig.1).

Fig. 7 - Yields of some organic compounds (% driydsleasis) from beech wood pyrolysis in a packed
bed[30] on dependence of the heating temperatw.e, T

Fig. 8 - Reactivities of biomass and wood charsainfor a heating rate of 10K/min and a final
temperature of 873K [121].

Fig. 9 - Conversion (A) and time derivative of cemsion (B) as functions of temperature for waste
wood heated in different atmospheres at 2K/min.[78]

Fig. 10 - Arrhenius plot of the kinetic contributior., of the reactivity for lignocellulosic char
gasification with CQ: a) cotton wood, b) Douglas fir, c) straw, d).sp.

Fig. 11 - Arrhenius plot of the kinetic contributior., of the reactivity for lignocellulosic char
gasification with HO: a) straw, b) poplar, c) bark, d) beech, e) hiftmaple, g) pine.

Fig. 12 - Mass fraction and time derivative of thass fraction versus time for pine wood char in air
with a heating rate of 5K/min up to 873K as meagduiymbols) and simulated (lines) (dashed lines
refer to componentg)104] (reaction steps 1 and 2 refer to char deildation and combustion,
respectively).

Fig. 13 - Arrhenius plot of the kinetic contributior., of the reactivity for lignocellulosic char
oxidation.

Table 1 - Char gasification rates in £0@earing atmospheres with parameter values (thetatal
contribution is delimited by square brackets), teragure () and pressure (3,) during gasification,
pyrolysis conditions and/or sample properties.

Table 2 - Char gasification rates in® bearing atmospheres with parameter values (thetstal
contribution is delimited by square brackets), temagure () and pressure (o) during gasifcation,
pyrolysis conditions and/or sample properties.

Table 3 - Char oxidation rates with parameter valiiee structural contribution is delimited by soa
brackets) with heating rate, final temperature @aoldmetric fraction of @ during oxidation, pyrolysis
conditions and/or sample properties.

34



.

40 - ATy Slow .
— - - Ty, v~Ifyrolysl,':,
> X y -

30
2
8 20t
@

10|

Pyrolysis
800 700 800 900 1000

Te [K]

Fig.1 - Yields of char (% dry solid basis), on degence of the heating temperaturgfrom fluidized-
bed pyrolysis of hardwood ( [14-16]; V [18]; L [20]) and softwood { [17], ~ [19]; : [18])

species, fixed-bed pyrolysis of beech wo$d30]) and pyrolysis of thick (40mm diameter) cylard
[29] of hardwoods § beech;U chestnut) and softwoods (pine; _ Douglas fir; K redwood) species.
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Fig.2 - Yields of liquids (% dry solid basis) onpgdence of the heating temperaturg (donditions
and References as in Fig.1).
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Fig.3 - Yields of gas (% dry solid basis) on deparat of the heating temperatureg,(€onditions and
References as in Fig.1).
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Fig. 4 - Yields of char (% dry and ash-free solésis), for a packed-bed of biomass or wood pasticle
[35], on dependence of the heating temperatwe, T
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Fig. 5 - Yields of CQ (% dry solid basis) on dependence of the heaBngperature, d (conditions
and References as in Fig.1).
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Fig. 6 - Yields of CO and ¥ (% dry solid basis) on dependence of the heatngperature, d
(conditions and References as in Fig.1).
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Fig. 7 - Yields of some organic compounds (% diydsleasis) from beech wood pyrolysis in a packed
bed[30] on dependence of the heating temperatute, T
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Fig. 8 - Reactivities of biomass and wood charsainfor a heating rate of 10K/min and a final
temperature of 873K [121].
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Fig. 9 - Conversion (A) and time derivative of cersion (B) as functions of temperature for waste
wood heated in different atmospheres at 2K/min.[78]
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Fig. 10 - Arrhenius plot of the kinetic contributior., of the reactivity for lignocellulosic char
gasification with CQ@ a) cotton wood, b) Douglas fir, c) straw, d) sygu
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Fig. 11 - Arrhenius plot of the kinetic contributior,, of the reactivity for lignocellulosic char
gasification with HO: a) straw, b) poplar, c) bark, d) beech, e) hiftmaple, g) pine.
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Fig. 12 - Mass fraction and time derivative of thass fraction versus time for pine wood char in air
with a heating rate of 5K/min up to 873K as meaduiymbols) and simulated (lines) (dashed lines
refer to componentg)l04] (reaction steps 1 and 2 refer to char deildation and combustion,
respectively).
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Fig. 13 - Arrhenius plot of the kinetic contributior., of the reactivity for lignocellulosic char
oxidation.
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Authors X . _ Pyrolysis
(Ref) dt STk TalKl | Peoz [kPa] conditions
Groeneveld and .
Van Swaaij dX _ 288 (10, 10)) 217 07 1073- 0.88-23; wood char
ok 7 (Peos + Puso) [0~ X]] Prac=0.44-
(1980) dt T RT Veoe ' Tho 1273 3 1KPa powder
[162] '
X
De GI’_OOt and dd— - 259 10B eXp = i R:%GZ[ ] (DOUgIaS Flr) SIOW pyro'ysis Of
e i 106 9731173  0.050.5 | wood (0.8 0.4mm)
[161] ot = 485" 10'exp - BT PC‘;[ ] (Cotton wood) at1273K
vandensarsel X _ 1010 166 pufy ) 1025 | ..o | pyosesof beech
([165]) at = T° P RT T 1273 8-38. wood (1-2mm) at
1023-1273K
slow pyrolysis of
X _g318" 10 exp - % P=[- x) x?| (:E=82- poplar wood (0.4-
Plante et al. dt coz 0.8mm) at 813K
(1988) 126kJ/mol, A:78-1535Mp%1, n=0.7-1.2 (pyrolysis and | 998-1233  101-6000 (atmospheric
[148] gasification pressure, pre-heating rate) pressure or under
(*) pyrolysis and gasification at atmospheric pressureheating rate 13K/min Vacuum)
Bandyopadhyg o0 -
y et al. K = Aex 250 1081- 0/80 290 o5 | coconut shell char
(1991) RT 1280 |Pe pcjf‘ : (0.1mm)
[133]
slow pyrolysis of
Rodriguez- K = Aexp - —— : E=202-245kJ/mol (X, pyrolysis | 1023- eucalyptus Kraft
Mirasol et al. RT ' 1223 101 lignin at 823-
(1993) [166] conditions) 1673K; (0.045-
0.053)mm char
E slow pyrolysis of
Kumar and | K = Aexp - RT : E=151-218kJ/mol acacia (slow pyrolysis 1023- wood (7mm) at
Gupta (1994) 1223 101 1073-1473K; fast
[113] temperature); E=180-213kJ/mol Eucalyptus (slow pyrolysis pyrolysis of wood a
temperature) ; E=138kJ/mol (fast pyrolysis) 1073K
Moilanen and 229 pyrolysis at 10K/s of
Savihariu K = Aexp - BT 973-1173 101 pine sawdust
(1997) [115] (0.1mm)
E slow pyrolysis of
Tancredi et al. K = Aexp - ﬁ : E=236-261kJ/mol (X, pyrolysis 1043- 101 eucalyptus wood
(1996) [158] 1123 (0.2mm) at 673-
temperature) 1073K
Cozzani dX _ = 42" 10 exp - 221 P°72[(1 X)] 1%K/?;in 20-101 slow pyrolysis of
(2000) [146] dt RT oo 1273 RDF at 723-1073K|
o slow pyrolysis of
Bhat et al. d_X= 987" 10 197 9 [(1 X)] 1023- 101 rice huk at 873-
(2001) [132] dt T RT Mo 1123 973K ; 0.001mm
char
. . slow pyrolysis of
Barrio and dXx 215 5-101; ;
_ 0.38 1023- ” birch wood at 873K
(20Houl§t?1d16] 731 1W0em - or RI(FOO) 1273 | Ped ‘)10%25‘0'1' (0.032-0.045)mm
' char
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dXx , 2056 _ .. pyrolysis in a
ot - 081 10 exp - RT PEI(F(X)] (straw) pressurized
. entrained-flow
Risnes et al. 973-1273  3-101 reactor at 1173K o
(2001) [120] dX 211" 10  ex 220 p{(F(X)] (spruce) straw €0.15mm)
= 2. - — - u .
dt P RT ©= P and spruce wood
(<0.0006mm)
E
Marquez- K = Aexp - — :E=249-197kJ/mol, 7.4x16-4.5x10s slow pyrolysis of
Montesinos et RT 998-1073 101 grapefruit peels (14
al. (2002) [157] (X, untreated samples); E=176-248kJ/maj5X5x10- 1.6mm) at 973K
3.8x10s'(X, water extracted samples)
(2003) [112] at P~ RT oo 1223 | PeolPeor 1173K; char
' (<0.15mm)
slow pyrolysis of
Gomez-Barea dX 1426 1073 . .
- - . 04 - olive residue at
et ?Il 2(5}006) o =199 10exp - “o P [(F(x)) 1173 20-50 1173K. char
(<0.06mm)

Table 1 - Char gasification rates in £0@earing atmospheres with parameter values (thetstal
contribution is delimited by square brackets), teragure () and pressure (3, during gasification,
pyrolysis conditions and/or sample properties.
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Authors

x . 1 Pyrolysis
(Ref.) dt [S k(s TolK] Pheo [kPa] conditions
K=2 10°exp - — (polar);
P RT (polar)
Rensfeldt et al 182 i
(1978) K =98 10exp - == (straw); 1101‘;3; 74 slow pyrolysis
[167] RT
178
K =15 10°exp - == (bark
P-RT (bark)
Hawley et al. pyrolysis of poplar
(1983) X 657" 10exp- 20 p_[] 1073- 1 9g8-23 | wood (1-2mm) at
dt RT mo 1273
[168] 973K
Nandi and %)t( = 555" 10 exp - 177 (1' X)] (maple, P2o/pn2=1), slow pyrolysis of
. ) wood (1-1.4mm) af

Onischak ax 170 1000- 1085; 1000-1200K
(1985) =17 10exp - [(1 X)] (pine, p2o/pn2=1): 1200 | pu2/PH20=0-0.1 followed by
[117] dt RT gasification

E=170-196kJ/mol (feedstock, gas composition)
dX 167

Nandiand | dt - = 408 10 exp - [(1 X)] (maple, pao/pnz=1),

Onischak 1085: “in situ” gasification
(1985) d_X 214" 10 exp - @ [1_ X)] e Bd/ons=1): 977-1144 Do/ Dr12g=0-0.5 of (1.4-1mm) wood
[117] at - Y (pine; pi2o/pn2=1): at 977-1144K

E=164-266kJ/mol (feedstock, gas composition)
Hemati qnd dXx . 075 slow pyrolysis of

Laguerie ot =123 10 exp - ﬁ P20 (1- X)] 923-1273  21-100 wood sawdust at

(1988) [131] 923-1273K
. dust pyrolysis if
Kojima et al. dX —1773% 179 Jon 1123- sawdus
Xp - P[] 0-58 a fluidized bed at
(1993) [169] dt RT 1223 1123-1223K
. low pyrolysis of
Moilanen et al. 196 1050- S
(1994) [118] K = Aex "RT 1220 15 Wood1(222-§|r<nm) at
Moilanen and 217 pyrolysis at 10K/s of
Savihariju K = Aexp - RT 973-1173 101 pine wood sawdus
(1997) [115] (0.1mm)
%_X = 262" 10°exp - 2—37 PH[’f;[ F(X))] (birch) slow pyrolysis of
Barrio et al. t 1023- | 10-30; po=5- wood at 873K;
(2001 [119] 1223 50kPa (0.045-0.063)mm
‘ijx =171 10 exp - 2—11 P=(F (X)) (beech) char
Marquez- — . E pn o _i4a _ ) slow pyrolysis of
Montesinos et| <~ AEXP - T Piyo t E=143-201kJmol, n=0.57- | 500 1179 17474 | grapefruit peels (11
al. (2002) [157] 0.73(p.X) 1.6mm) at 993K
. low pyrolysis of
Bhat et al. dX _ 293 10° 2003 1023- Slow pyrolysis
— -— szo[(l' X)] 101 rice husk grain at
(2001) [132] dt T RT 1173 873-1173K

Table 2 - Char gasification rates in® bearing atmospheres with parameter values (thetstal

contribution is delimited by square brackets), teragure () and pressure (o) during gasifcation,
pyrolysis conditions and/or sample properties.
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Heating rate
Authors 2( [s7]: k [s7] [K/min]; final % vol O, (in Pyrolysis
(Ref) dt ' temperature[K N>) conditions
]
Kashiwagi and dX 160 :
Nambu (1992) Gr =173 10exp- o P°78[(1 x)] 0.5-5; 823 0.28-21 s"’l‘l"’lpym'ys's dOf
[86] t cellulose powder
Luo and dXx 180 slow pyrolysis of
Stanmore i = Aexp - POOZGS[(l X) ] 15;973 0-21 sugar cane
(1992) [122] t bagasse
Magnaterra et dX E n Isothermal slow pyrolysis of
al. (1994 | dt = Aexp - RT POZ[S/ SO] E=85-125kJ/mol, oxidation at 2-18 hardwoods and
[175] n=0.75-0.85 (hardwoods); E=81kJ/mol, n=0.8 (lignin) 623-753K lignin
ine wood
Janse et al. dXx 125 Isothermal P )
(1998) i =53 10exp - £ DST[(l— )°“‘9] oxidation at 2.25-36 Spg(;gf:fpatg
[134] 573-773K 873K
dX 109 " slow pyrolysis of
Di Blasi et al. ot =151 10 exp - 1 X ] (pine): E=71- 10: 673-873 21 pine wood and
(1999) [121] ' agricultural
109kJ/mol (feedstock and oxidation conditions) residues at 800K
dXx 140 slow pyrolysis of
Adanez et al. o =38 10exp- == 1 X ] (pine): 20: 823 21 wood and
(2000) [176] ' agricultural
E=134-142kJ/mol (feedstock) residues
dX 134
ol et al g =131 10 exp - RT [] (low temperature) slow pyrolysis of
(2000) [14‘7] 1-20; 1273 10 straw at 973-
dX _ 45a _ 20871 4 1673K
at 454" 10 exp _T (high temperature)
. low pyrolysis of
Cozzani dX 9 162 _ o4 . S pyroly
(2000} 1146] gt =189 10°exp - o= R (- x| 10;973 6-21 RDF at 723-
1073K
?j_)t( =14" 10"exp - —12%_6 (1- )°‘9]
(beech, slow pyrolysis,.=0.84 pyftlacl))\:\éiznoi fbaeséCh
dX 114 :
Branca et al o -1 10°exp - == (1- X)DBG] E.15 873 01 ‘INOOd at |809K'f
(2003) [104] -15; slow pyrolysis o
(beech, slow pyronS|s,C—1) hardwoods and
ax 2286 softwoods at
— =485 10exp - == (1- X)=¢ 800K
dt RT
(beech, fast pyrolysis=0.87)
, dx 151 053 corncob flash
\/(3?569)3’['1‘35?" ot - 812 10exp - o Ry [F(0)]: E=142- 5-25; 573-733 20-100 | carbonization at
151kJ/mol, n=0.53-0.59 (pyrolysis conditions) 1.4MPa
%—X—lBS 10° ex }Q6T7 1- XJ] ( =0.75)
Branca et al. 5.15: 873 21 slow pyrolysis of
(2007) [107] dXx _17 10e 129 1 X 185] ' oak bark at 800K
T exp - ( c—l)
dt

Table 3 - Char oxidation rates with parameter \alilee structural contribution is delimited by sgua
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brackets) with heating rate, final temperature asidmetric fraction of @during oxidation, pyrolysis
conditions and/or sample properties.
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