KINETIC MODELING OF BIOMASS GASIFICATION
AND COMBUSTION

Colomba Di Blas

Dipartimento di Ingegneria Chimica,
Universita degli Studi di Napoli "Federico II"
Tel: 39-081-7682232; Fax: 39-081-2391800;e-mailadilg@unina.it

Intelligent Energy | :: | Europe

PyNe is also sponsored by IEA Bioenergy




Abstract

This review critically examines char conversion dtinos in oxidizing or reducing atmosphere. In
kinetic analysis the devolatilization of biomassldhe conversion of char are usually investigatgd b
means of separate experiments, although some &imatidels are also available of biomass
combustion. The large majority of the char conwmrskinetics consists of a global reaction with
activation energies of 196-200kJ/mol (carbon diexidjasification), 138-271kJ/mol (steam
gasification), 75-229kJ/mol (char oxidation) angp@wver law dependence on the partial pressures of
the gasifiying agents. The rate expressions usadsly incorporate a structural contribution. Theevi
range of variation of kinetic parameters is du¢hm different char properties (biomass charactesist
and pyrolysis conditions) and mainly to the simpdfions introduced in the mathematical treatmént o
the data.

1. INTRODUCTION

Air gasification of biomass is a process wheredsabnversion is made to occur in the presence of
reduced oxygen, so that temperatures are lower tthase encountered in combustion. The limited
oxygen supplied is used to burn only a small pathe fuel, either solid or gas, in order to pravithe

heat needed for char gasification, biomass pyrelydrying and, of course,pre-heating. The main
product is then a gaseous combustible which caprdeessed in a second step. In direct (grate)fired
combustion the supply of underfire air, whose islt gasify the fuel, is coupled with the adufitiof
overfire air to burn the gaseous products. Thegneontent of the gas produced through gasification
depends on numerous factors such as: reactorftygleype and form, oxidizing agent, etc. In adufiti

to air, the oxidizing agent can also be oxygenarst®r a mixture of these compounds. When air is
used, the gaseous products mainly consist of CQ, 2 CH4 and minor quantities of other
hydrocarbons. The resulting gas has a low calovidice (3.8-5.6 MJ/thagainst 38 MJ/fof natural
gas). This can be increased by using oxygen omsta# in the latter case sufficient heat should be
provided because steam gasification is an endotbgrmacess. In some cases, steam is added to air to
increase the level of H2 in the produced gas (Bvetgr (1995)). Direct combusion involves the
oxidation of biomass with excess air, giving hoeflgases which are used to produce steam in thhe hea
exchange section of of boilers, with steam usegdrtauce electricity (Bain et al. (1998)). Different
tecnologies are applied for gasification or comimusbf biomass as discussed in several reviews on
this subject (Bridgwater (1995), Beenackers andiitan(1996), Maniatis (2001)).

2.CHEMICAL AND PHYSICAL PROCESSES OF BIOMASS GASIFICATION AND
COMBUSTION

2.1 Gasification/combustion of biomass particles

Conversion of biomass in combustors and gasifiesslts from a strong interaction between chemical
and physical processes. In wood combustion andig@n the external gas phase reactions, the
surface char reactions and the internal pyrolysagtions at the surface of the virgin solid arepted
together (Bryden and Ragland (1997)). The couptiegree depends, among the other parameters, by
the size of the particle and the conditions ofremction environment.

Mukunda et al. (1984) investigate the combustiomnvobd (teak) spheres (10-25mm diameter) in air.
After forced ignition, burning takes place. It ibserved that the process consists of separatesstage
During flaming pyrolysis the sphere diameter andgieare reduced by about 10% and 70-80%,
respectively, and the volatile species produced barthe gas phase with a flame enveloping the
sphere. During heterogeneous combustion of chadénsity decreases by about 10-25%, indicating



the possibility of internal reactions with oxygeiffusing from the outer surface through the porous
structure.

Combustion of small-sized (maximum sizes of ab&@i2@mm) wood particles in fludized-bed reactors
(temperatures) is investigated by de Diego et 2002,2003), who also report a two-stage process
where devolatilization is followed by combustiorarRhe small-scale reactor, batch-wise operated, it
appears that most of the volatiles generated frarpyrolysis of wood particles burn in the free4loba

of the reactor and not around the particle. Theegfthe volatile evolution during the first stagehe
same using air or nitrogen. A flame around thetigdar appears only at the conclusion of the
devolatilization process, indicating that wood datibzation and char combustion are sequential
processes for the conditions typical of fluidizezibreactors. These conclusions can also be drawn
from the experiments carried out by other reseascffer instance, Winter et al. (1996), Lecknealket
(1999)). The most probable explanation for thisawedr is that as long as volatiles are continuosly
released with sufficiently fast rates, oxygen isvanted from reaching the surface of the fuel glarti
(De Diego et al. (2003)). Another considerationb® made is that, when the particle size is small,
devolatilization is completed before the particleface attains temperatures high enough for the
heterogeneous reactions to become active. Heno®deneous combustion rections are favored
versus heterogeneous combustion of char.

Mukunda et al. (1984), in their experiments of wapthere burning, observe that for the largest sizes
(diameters of 25mm), some overlap between the wamblatilization and char combustion takes
place. The work presented by Ragland et al. (1888)Bryden and Ragland (1996, 1997) is focused
on the conversion of chunk wood or whole-tree sizezls for conditions typical of large boilers. In
(Ragland et al. (1988)) experiments are carriedwitit samples of yellow poplar and spruce (15 cm
diameter) inserted onto the grate of a spread&estwiler with characteristic temperatures abdwe t
bed of about 1473K. It is observed that chunk wbodns as a shrinking sphere (rate of about
1.8mm/min) consisting of a relatively thin layer afar (5-15mm) surrounding the core of unburned
wood. Successive experiments (Bryden and Ragla®@7{) also carried out with thick wood samples
(thickness above 10cm) under condition typical atked-bed rectors confirm that the processes of
drying, pyrolysis and combustion/gasification aighty coupled.

The coupling between the processes of wood/biontesslatilization and char conversion is
dependent on both sample properties (size, imt@hkture content, etc.) and external conditionseWh
combustion of char is a process indepedent ofdthelatilization stage, three main regimes are
introduced (Basu and Fraser (1991), Winter et 2996)). In the regime lll, char combustion is
controlled by bulk diffusion. The reaction occursthe exterior surface of the particle. Once the
particle size is reduced, it is likely that theeraf oxygen diffusion in the pores becomes compariab

the reaction rate. This leads to limited penetratib oxygen into the char. The conversion regime Il
lasts until the char particle becomes so small thatdiffusion rate is much faster than the chemica
reaction rate. In this way, the oxygen completaiyetrated the porous particle and the conversion
regime | is established.

2.2 Char reactivity

A huge amount of literature has been producedhenmdactivity and the heterogeneous kinetics of coa
and coal char gasification and combustion (Laurand&978), Smith (1982), Bews et al. (2001), Hurt
and Calo (2001)). In contrast, only a relativelyalnmumber of studies is available on wood/biomass
char. Two main differences are encountered in coisgawith coal chars: the ash content is very low
and the pore structure is highly directional, tgpiof that of wood and its intrafibrilliar cavities
(Standish and Tanjung (1988)). The nature of thbarsaceous material includes both the state of the



carbon itself (i.e. amorphous or crystalline) ahd internal structure of the particle (e.g. porous
dense) (Standish and Tanjung (1988)).

The char reactivity is usually defined in termglod conversion rate per remaining mass (Risnek et a
(2001)):
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where M is the mass of the organic portion of shenple, dM/dt is the conversion rate and X is the
degree of conversion
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The reactivity is measured versus conversion andptain chemical kinetics, it may be splitted iato
chemical kinetic term,.rand a structural termgrwhich should take into account the effects of
available internal surface, available active/raecsites and pore evolution: Rxrrs.

Usually, the structural contribution is expressedarms of S(X)/§ that is, the relative change in
available surface area during reaction (Janse. dt18999)), Di Blasi et al. (1999)), of ¢hat is, the
number of active carbon sites (Barrio and HustaiD1{2, Barrio et al. (2001), Ollero et al. (2003)).
Although a large part of the experimental work onod/biomass gasification is focused on the
application of fixed- or fluidized-bed reactors fdetermining the gas composition on dependence of
the fuel properties and operating conditions, seff@t has also been devoted to determine the tsffec
of different parameters (pyrolysis conditions, wimomass variety, pretreatments, gasification
conditions) on the char reactivity and to formulatedels for the kinetic and structural terms.

2.3 Influences of the pyrolysis conditions

The reactivity of coal char in oxidizing environntems known to be affected by the heating rate and
final temperature during pyrolysis (and relateddesce times). Pyrolysis conditions also affect the
properties and reactivity of biomass chars. Jahsé €1998) examine chars produced from pine wood
by means of a screen heater and a packed-bed nedetting rate during pyrolysis is varied between
1 and 300K/s for a final temperature of 600C.slbobserved that fast heating leads to a more veacti
char, with the time needed for complete conversiecreased by about one order of magnitude for the
range of heating rates given above. On the othed,haariations in the final temperature between-500
600C (values of interest in fast pyrolysis) or tie¢ention time (20-100s) do not appear to play an
important role. The negligible role played by theésge of final temperature is also confirmed by
Branca and Di Blasi (2003), who consider chars peed from thick particles of different wood
species. Also, the heating rate during pyrolysishiserved to affect the shape of the rate curviaglur
thermogravimetric measurements of char combusbdiferential curves, instead of integral data used
in the majority of previous literature (Janse et(4b98)), allow the existence to be shown of a-low
temperature shoulder and a high-temperature pedkeirrate of weight loss (Branca and Di Blasi
(2003)). The first is attributed to char devolagliion and the latter to combustion. Fast heatatgsr
during pyrolysis highly reduce the importance & fiist reaction zone and, as shown in the follayin
alter the values of the kinetic constants. Thegwes of two reaction zones in the rate of weighslo
during char combustion is also reported by Shaé&haand Sekiguchi (1984), Marcilla et al. (2000),
and Varhegyi et al. (2001, 2002).

Indeed, weight loss starts at relatively low tenap@tre and occurs at a certain extent also in inert
environment. This process is indicated as char ldélpation. More specifically, low-temperature



cellulosic chars (Shafizadeh and Sekiguchi (1984)flergo devolatilization according to three
sequential stages, corresponding to the pyrolyismadially decomposed and intact glycosyl unitgl an
decomposition of paraffinic and carbonyl groupsafhobtained at temperatures above 673K only
show the last stage. As expected, the amount o seft at the conclusion of the devolatilization
process (and burned in the presence of oxygen)onex successively higher with the formation
temperature.

The influences of the pyrolysis conditions (tempema, heating rate and residence time) on CO2
gasification of acacia and eucalyptus char are stiyated by Kumar and Gupta (1994). Slow
carbonization (4K/min) is made for temperatures800-1200C and residence times of 1-3h. Rapid
carbonization is achieved with a heating rate df/Bfin at temperatures of 800C and 1h residence
time. For all the conversion temperatures it isesbed that the reactivity of chars is significantl
reduced as the pyrolysis temperature is increabkd. authors attribute this result to an increased
structural ordering of the carbon matrix, loweritigg concentration of reaction sites. Similar to the
results obtained for char combustion, higher hgatates during pyrolysis are seen to cause higher
reactivity of char in CO2 atmospheres. This resulattributed to the reduced amount of deposited
pyrolytic carbon in rapidly carbonized wood (tlpsovides lesser active reaction site concentration
than char formed from primary reactions of woodaheposition). Moreover, fast decomposition is
suggested to produce defective carbon microcritemllhaving a higher concentration of active
reaction sites. Increasing the residence time prev@ffects similar to temperature, again improving
structural ordering in the resulting char.

The influence of pressure during pyrolysis on tlactivity of the resulting chars is investigated by
Plante et al. (1988), by considering conventionyablysis char (from poplar) generated under vacuum
and atmospheric pressure. The vacuum pyrolysisistfaund to be more reactive than that generated
under atmospheric conditions. The higher conterdxyigen observed in the former case (15 against
10%) is indicated as responsible for this behafrieactivity about 20% higher). It should be notedtt
this result is consistent with the lower reactivif char generated by secondary reactions (whose
amount is highly reduced for pyrolysis under vacuueported by Kumar and Gupta (1994).

The influences of the thermal conditions during rcf@amation are also reported by Whitty et al.
(1998) for black liquor char. It is observed thatlpnged exposure to high temperatures decreases th
reactivity because of thermal annealing and, ingtresence of CO, deposition of solid carbon as a
consequence of the reaction 2CO ?C+CO2. The catbpaosit causes a decrease in the initial rate of
gasification. High pressure during pyrolysis givese to a more compact char with a lower internal
surface area.

The effects of the pyrolysis conditions on the tiwaty of RDF char (pyrolysis in a fixed-bed reacto
with heating rates of 0.5-1.5K/s and final tempemas in the range 500-800C) in combustion and CO2
gasification are investigated by Cozzani (2000%léar trend of the CO2 reactivity with the pyragys
temperature is not found. On the contrary, for costion, the reactivity is observed to decrease by a
factor of about 5 for the range of pyrolysis tengperes given above. This result is again explalmed

a reduction in the active surface area to the gehce area (this slightly increases with thelygis
temperature). On the other hand, the higher teatpeys needed for the CO2 gasification are
considered to be the cause for the reduced infeiehthe active surface area on the char reactivity
Given the small sample quantity used in thermognatiy, the stages of devolatilization and char
gasification are sequential. Therefore, char reagtistudies are usually carried out with samples
obtained from previous (separate) pyrolysis expenits. An exception is the study carried out by
Fushimi et al. (2003) for treatment with steam @fldose, lignin and bagasse samples in a
thermogravimetric system (heating rates betweend J®0K/min for temperatures of 673-1073K).
Rapid heating is observed to increase the reactfitignin char owing to macropores resulting from



the rapid release of volatiles. It also preven&r @gglomeration and condensation of fragmentfien t
char surface.

More recently, further data have been made avail@Dktin et al. (2004, 2005)) on the influences of
the pyrolysis conditions (heating rate, temperatumd pressure) on the properties and reactivity of
biomass (pine, eucalyptus and bagasse) char ina@®@sphere (pressures between 1-20bar). Again,
reactivities are observed to increase by increasimeg heating rate (higher surface area) and by
decreasing the pressure during pyrolysis. For Wegi heating rates the char particles are obseved
undergo a molten phase with consequent creatiosnmwfother surfaces and spherical cavities. The
formation of macropores associated with the higitihg rates, causing an increase in the surfaege are
enhances the char reactivity (the micropore netwierkeduced in consequence of the melting).
Increasing the pressure leads to the formatiomargielr char particles, owing to swelling and formati

of particle clusters following melting and fusioNlthough pyrolysis pressure effects on reactivitg a
smaller than those of melting observed at highihgaates, the decrease in the reactivity with gues
increase is higher than expected by the measurettake in the surface area. Therefore, it is
concluded that pyrolysis pressure impacts diremtiythe reactivity of char due to graphitisatiorthie
structure at high pressures.

2.4 Influences of the gasification/combustion conditions

Standish and Tanjung (1988) present experimenthanparticles (Indonesian rubber tree) made with
a tube furnace. Pre-heating to the desired temyrers achieved in nitrogen with a retention tinfie o
about 10min. The temperature is varied in the radg@-1100C in CO2 atmospheres. The usual
Arrhenius dependence on temperature is found witta@ivation energy of about 210kJ/mol. The
effects of CO2 concentration are summarized by actien order of 0.71 in this variable
(concentrations between 20-100%) and are highelowt concentrations, possibly owing to CO
inhibition. However, while complete conversion dfac is observed at high CO2 concentrations, at low
values it is not achieved even for very long ratanttimes. The authors attribute this result to a
possible reduction in the active sites by nitrogbsorption. The time for complete conversion presen
a nearly linear dependence (n=1.05) on the ingtéaticle radius R(values between 4.5-20mm). The
change in the particle size, during conversion, mampproximated by ReR-X)'. Furthermore, the
particle density remains constant up to conversiwming5%. These results indicate that gasification
takes place along a thin zone at the particle sarfavhile the interior pore structure remained
essentially intact and indistinguishable from theucure of the unconverted particle”. Hence
gasification can be described in accordance witstirinking core model.

Moilanen and Muhlen (1996) observe that steam igasidn of peat char presents a rate slightly faste
than that observed in CO2 environment. The gasificaates decrease by increasing the pressure (up
to 1.5MPa and temperatures between 1023 and 1228#teover, H2 and CO inhibit the gasification
process.

The reactivity of char in CO2 atmospheres increasttsconversion, at low and intermediate levess, a
a consequence of the increase of the surface amgagdhe course of gasification (Tancredi et al.
(1996)). At high conversion levels (beyond 70%) exyvsteep rise is observed, which cannot be
plausibly explained by the development of the siafarea. According to Tancredi et al. (1996), this
behavior may be caused by an increased catalyéctadf the metallic constituents (especially Na an
K) of ash, following the increase of their concatitn during char

conversion.

The important role played by inorganic material peat char is also evidenced by Moilanen and
Muhlen (1996). It is observed that the gasificatrate slightly increases with conversion for CO2
atmospheres, whereas the steam gasification rateases to a maximum before decreasing as



conversion progresses. Chars obtained from denfimediapeat present considerably lower reactivity
and, in the presence of steam, the negative bdrbesfavior disappears. The observed behavior in
steam gasification implies that active substaneggained in the char are deactivated as conversion
increases (for instance calcium). Deactivation casult from sintering and agglomeration, the
formation of new mineral compounds or the occureeatreactions between the mineral compounds
and the gasifying agents.

The gasification (CO2, H20) reactivity of grapefrpeels, carbonized at 700C for 2h (particles 1-
1.6mm thick), is observed (Marquez-Montesinos e{2002)) to increase with conversion (especially
for H20 atmosphere) more than expected from thee@s®e in the surface area. This is again attributed
to the enhanced catalytic effects exerted by sosfe ammpounds (mainly potassium and lower
amounts of sodium), that is, to the increase inrti® between carbon and the catalytically active
substances. The reduction in the ash content otltae, by means of acid washing, or the pressure
causes a decrease in the reactivity.

A high heating rate during char pre-heating (befatiining the gasification temperature) also
increases the reactivity (Plante et al. (1988)). féks the gasification conditions, the rate of char
conversion increases with pressure especially ifyin temperatures. The effects of pressure are more
important for the less reactive char produced atoapheric conditions (versus vacuum pyrolysis)
(Plante et al. (1988)).Prolonged exposure of chdnigh temperature reduces the reactivity by thérma
annealing (Whitty et al. (1998), black liquor charhese effects appear as a reduction in the ppros
(and surface area) and a rearrangement of thestiugture at a molecular level.

Barrio and Hustad (2001) and Barrio et a. (200pprethat the presence of CO and H2 inhibits char
gasification in atmospheres bearing CO2 (birch chad H20 (birch and spruce char), respectively.
The same conclusions are also reported in relatid®O during CO2 gasification of wheat straw and
spruce (Risnes et al. (2001)) and olive stoneef@lkt al. (2003)) chars. No significant differense
seen between birch and spruce char gasified wetlnstare observed. The differences between chars,
obtained from different wood species, are also kmatombustion (Branca and Di Blasi (2003)). In
relation to this problem De Groot and Shafizad€d84) write that "the distinction between hardwoods
and softwoods is apparently insignificant, apastrfrthe catalytic effects of the ash content". Pibbba
this issue is also the main factor for the largéeences exhibited by biomass (agricultural resgju
char with respect to wood both in combustion (DafBlet al. (1999)) and gasification (Risnes et al.
(2001), Ollero et al. (2003)).

An enhacement of the reactivity in steam of chasegated from alkali salt impregnated wood is
reported by Hawley et al. (1983). The effects a#-pyrolysis addition of catalysts to wood on the
reactivity in CO2 of the resulting char is also thebject of the study by De Groot and Shafizadeh
(1984)). The carbonates of sodium and potassiunfaaned to be equally effective as gasification
catalysts. The transition metal salts are the raffsttive catalysts initially but their activity lEghly
reduced well before the gasification is complete.

3.KINETICSOF BIOMASS/CHAR COMBUSTION AND GASIFICATION

Analysis of biomass decomposition in oxidative/r@dg environments is a problem of interest for the
design and development of combustion and gasifioagystems. Indeed, adequate kinetic mechanisms
should be coupled with the description of transpbenomena (heat, mass and momentum transfer) in
order to provide detailed process simulation. Kmetodels for the heterogeneous reactions of char
combustion and gasification are also of great pralcimportance. For instance, in steam and carbon
dioxide atmospheres, the required residence timetiar gasification may be 10-100 times greater
than for pyrolysis of thick particles at temperatibetween 800 and 100C (Edrich et al. (1985)), so
that the related kinetics play a key role for reasizing.



3.1 Kinetics of wood/biomass devolatilization in oxidizing atmosphere

Compared with inert atmospheres, a relatively fewestigations (Vovelle et al. (1982), Aho and
Houtari (1985), Cordero et al. (1991), Ghaly andugienler (1994), Momoh et al. (1996), Ghetti et al.
(1996), Mansaray and Ghaly (1996), Bilbao et @9{), Di Blasi and Branca (1999), Liu et al. (1999)
Branca and Di Blasi (2004), Calvo et al. (2004yhjainen et al. (2004)) have been carried out of
wood/biomass degradation in air or in the preseasfcexygen. In all cases, as consequence of the
small sample sample mass and the mild thermal tondiapplied to reduce the effects of heat and
mass transfer intrusions and to control the reaatxothermicity, the thermogravimetric curves show
two main reaction zones. The first zone correspdodsolid devolatilization and the second to char
combustion.

The large majority of the studies simply proposes global reactions with nth-order rates in the snas
fraction. For the devolatilization step, the aation energies are roughly comprised between 94-
63kJ/mol (Aho and Houtari (1985)), 83-93kJ/mol (@eno et al. (1991), 94-89kJ/mol (Ghaly and
Ergudenler (1991), 101-136kJ/mol (Momoh et al. @9979kJ/mol (Ghetti et al. (1996)), 143-188
(Mansaray and Ghaly (1999)), 63-99 kJ/mol (Liule{2002), and 90-131 kJ/mol (Calvo et al. (2004)).
For the combustion step, the activation energiekid®e 320-170kJ/mol (Aho and Houtari (1985)), 65-
83kJ/mol Cordero et al. (1991), 38-39kJ/mol (Graatg Ergudenler (1991), 35-65kJ/mol (Ghetti et al.
(1996)), 11-17kJ/mol (Mansaray and Ghaly (1999)J;124kJ/mol (Liu et al. (2002), and 34-
148kJ/mol (Calvo et al. (2004). It can be obserted for the devolatilization step, with the exdept

of (Mansaray and Ghaly (1999)), low activation gies are reported by all the authors. This result
stems primarily from the high simplification intneced by the one-step reaction model to describe a
process which is complicated by the composite eatdithe biomass fuels and by the contribution of
the main constituents in the thermogravimetric eanas extensively discussed for decomposition in
inert atmospheres. Variations between the kindticshe combustion steps are much wider, probably
because of the stronger role played by the natfirthe samples especially by the content and
composition of ashes which act as catalysts foctmebustion process. It should also be noted that,
all cases, the measurements and the related kievdioations are limited to one heating rate osdy,
that compensation effects are not avoided.

Improvements are represented by models where thaadiization step is described by two reactions
(Bilbao et al. (1997), Di Blasi and Branca (199%uhiainen et al. (2004)) combined with a one-step
reaction for the combustion stage. Bilbao et 897 assume that the devolatilization rates of pine
wood sawdust are linear in the mass fraction arrdespond mainly to hemicellulose and cellulose
decomposition with the activation energies of 78 aA3kJ/mol, respectively. Power law dependences
on the mass fractions are used by Di Blasi and &g@i999) and Jauhiainen et al. (2004). In the
former case, wood and several agricultural resicdx@snined for a heating rate of 20K/min produce
ranges of activation energies for the two reactioih80-73kJ/mol and 92-83kJ/mol. Jauhiainen et al.
(2004), in the analysis of thermogravimetric meaments of olive solid waste for heating rates
between 5-20K/min, attribute the two devolatilipatisteps to holocellulose (activation energy of
151kJ/mol) and lignin (activation energy of 66kJImaespectively. Apart from material and
experimental conditions, the differences in theekim parameters estimated by these authors can be
attributed mainly to the use of integral (Di Blasid Branca (1999)) or differential (Bilbao et al.
(1997), Jauhiainen et al. (2004)) data. Differenaes also observed for the combustion step with
activation energies of 148kJ/mol (Bilbao et al.9q1§, 71-90kJ/mol (Di Blasi and Branca (1999)) and
133 kJ/mol (Jauhiainen et al. (2004)).

Only in one case (Branca and Di Blasi (2004), thezetions are used for the devolatilization stage,
usually done for pyrolysis models, combined witfudher reaction for char combustion. Weight loss



curves of two wood species (beech and Douglasr@asured in air for four heating rates between 5-
40K/min and a final temperature of 873K are exarmhirihe rates of the first three reactions are linea
in the solid mass fraction and the activation emsrgre 106, 226 and 114kJ/mol, respectively. The
fourth step presents a power-law dependence (nrb’4he solid mass fraction and an activation
energy of 183kJ/mol.

As already observed, apart from sample charadtaristhich consider both biomass and wood
species, differences consist in the use for thetkiranalysis of one or several heating ratesgnateor
differential data and linear of power law dependsnof the reaction rate on the solid mass fraction.
Apart from these considerations, there are alserotbasons which motivate the need for further
investigation on this topic. Apart from the kirestifor wood by Branca and Di Blasi (2004), and®liv
waste by Jauhiainen et al. (2004)), kinetic coristdrave been estimated by means of only one
experiment, so that compensation effects are nmtdad. Furthermore, integral (TG) data have been
generally used. These, contrary to differential @Tdata, do not allow a distinction to be made
between well-fitting and poorly fitting models add not show whether the model is able to describe
the multiple peaks and other fine details of thpegknents.

3.3 Structural modelsfor char conversion

Despite the great effort made by different resesrxhto correlate the kinetic rates of carbon
gasification to the physical and chemical propserié the material and the reaction conditions, a
generalized unified law does not exist. In gendted char reactivity depends on conversion,
temperature and concentration of reactants (Obem. (2003)). For lignocellulosic chars it incsea
with conversion and, as already discussed, it ¢sm exhibit a maximum or a minimum. It can be
understood that there are essentially two coniobgtto be taken into account, that is, the inicins
kinetic law, which essentially describes the degewe on temperature and concentrations of reagtants
and structural variations during conversion. Aspedl out by Dutta and Wen(1977) in relation to coal
chars "the variety of rate-conversion curves is thug¢he fact that different coal/char samples vary
greatly from one another with respect to their pstreictures and the change of such pore structures
with conversion and temperatures”. A group of stsdexamines the first issue assuming structural
models already available in the literature. The thpagpular structural models have been summarized
by Janse et al. (1998) and include the power-ignait) model (Kristiansen (1995)), the pore-tree
model (Simmons and Finson (1979), the random mpooeel (Bathia and Perlmutter (1980), the
random capillary model (Gavalas (1980), and thieirtated pore model (Tseng and Edgar (1989).
Attempts are also made to modify the most popularctiral models proposed for the heterogeneous
reactions of coal to take into account the peditiksr of biomass/wood chars. These models, such
those by Struis et al (2002) for the CO2 gasifamaif fir char, do not include any kinetic law lare
somewhat empirical in that they use adjustablerpaters to take into account the variations in the
char reactivity with temperature and/or cataly$tsthis case isothermal thermogravimetric data are
used to modify the Bathia and Perlmutter model,ciwhiakes into account the changes in the char
reactivity exclusively in terms of structural chasgModification are introduced to take into actou
the higher reactivity (than predicted by randomepamodels) at high conversion (beyond 70%). The
parameters of the empirical model vary with thectiea temperature and the pre-treatments of the
sample.

In some cases (Risnes et al. (2001), Barrio et(2401a,b), Ollero et al. (2003)) the structural
contribution is approximated by F(X) (a 5-6th ordmslynomial in the conversion X), which is
assumed to be invariant over the temperature aggbpre ranges examined. As pointed out by Risnes
et al. (2001), such an invariance should be prgpehlecked. Then a representative reactivity is
introduced.



3.4 Kinetic models of char gasification

In the majority of kinetic analyses, the model gstssof a global reaction rate expressed as:
r=koexp(-E/RT)R{S(X)\ Sy, i=02, CO2, H20

for the combustion reaction C+0O2?CO/CO2, the COgdfigation reaction C+C0O2? 2CO and the
H20 gasification reaction C+H20?CO+H2.

In reality, the heterogeneous conversion of chawui through several steps, which include the
inhibiting effects of some compounds, as discusabdve. Semi-global mechanisms of char
combustion are summarized by Hurt and Calo (200hg simplest of the Langmuir-Hinshelwoold
kinetic form is:

2C, +0, O~ 2¢(0) (c1)
c(o)ote - co (c2)

2c(0) O - COo, +C, (c3)
c(0)+0, O - co,/co+c(0) (c4)
C, +CO, O - cO+C(0) (c5)

where k-ks are Arrhenius rate constants. The reaction clesgmts the chemisorption of oxygen on
active sites and the reactions c2 the formatio€Of through desorption (similar to the gasification
mechanisms, {Js the number of active or available sites and )G{@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 complexestiodac4) which may or may not involve the
generation of a new complex C(O) on the produat.sithe reaction rate of G@nd carbon (reaction
c5) is much slower than that of,@nd carbon. Therefore, reaction c5 is usually wededl as a
significant step, when considering the carbon-orygeaction. Semi-global mechanisms have been
modeled in terms of kinetic laws of the Langmuinghelwood form. The simplest of these, taking into
account reactions cl1-c2, is:

kl k2 POZ

=== 14
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whose parameters, however, have not yet been égdlta the chars of interest in this review.

The carbon dioxide gasification of char has beeteresively studied and the following oxygen
exchange mechanism is postulated (Laurendau (1978))

C, +CO, (I - c(0)+CO (al)
c(o)+cooi - c, +Co, (a2)
c(o)ore - 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-
state concentration of C(O) by the reaction a2. Jdmgfication rate, in accordance with reactions3dl
and applying the steady-state assumption for ti@& €Coémplex, can be expressed as:



- kl I:)(:oz (ab)
¢ 1+ (kz/kg)Pco + (kl/k3)PC02

r

where Roz and Ro are the partial pressure of g@nd 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.

The steam gasification of char also takes placerdoty to several steps as reported by Barrio .et al
(2001). They also point out that, compared with CB20 gasification is more complicated because,
in addition to the main gasifying agent, the eeof H2, CO2 and CO should also be taken into
account, owing to the equilibrium of the water gast reaction. Barrio et al. (2001) report diffete
mechanisms indicated as "oxygen exchange" and 6kygar inhibition™:

The steps to be considered are:

C, +H,000" - C(0)+H, (b1)
C(0)+H,OM~C, +H,0 (b2)
c(o)ore . co+cC, (b3)

C, +H2th‘—.C(H)2 (b4)
C(H), Off - C, +H, (b5)
C, +1/2H, 0% - C(H) (b6)
c(H)oM - c, +%H2 (b7)

(ki-k7 are Arrhenius rate constants). The oxygen exchamgehanism consists of steps bl-b3. The
hydrogen inhibition mechanism may consist eithesteps b1, b3 and b4-b5 or steps b1, b3 and b6-b7.
For the oxygen exchange mechanism, hydrogen intmbis 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 caseéjssociative chemisorption ofHon the active sites
occurs and in this way the active sites becomeaoog¢ssible for the oxygen transfer with steamllin a
cases, the surface rate equation is formally idehti

klPHZO
r, = (7)
1+(kl/k3)PH20 + f(pHZ)

where R.o0 and R, are the partial pressures ofHand H, respectively, and f(p) depends on the
selected mechanism. The following expressions hi&med for the oxygen exchange

k

f(sz):k_ZPHz (8)
3
the hydrogen inhibition by formation of the Cgtpmplex
k
f(sz):k_4PH2 9)
5

and the hydrogen inhibition by formation of C(Hngolex

K
f(Pro) = (P (10)
7



The problems encountered for the determinationhef intrinsic kinetics of biomass pyrolysis are
extensively discussed in previous literature. Fhportant role played by the presence of oxygen and
the onset of the exothermic combustion reactionsselrate, at high temperatures, may become much
faster than the typical response time of measudegces and feedback control systems are also
pointed out (Di Blasi et al. (1999)). High extdrhaating rates, which are encountered in combuistio
make worse the situation and the attempts madeproduce them at a laboratory scale, as observed by
Janse et al. (1998), "would result in mass/heatsfea controlled conditions for the laboratory
equipment of the kinetic measurements, and theltsestould reflect the hydrodynamics of that
specific piece of equipment instead of the true lmastion rate". Hence the kinetic expression obthine
under moderate thermal conditions are extrapol@téiose more severe of the practical combustors.
The role of diffusional effects in TGA gasificatidests (CO2) is investigated by Ollero et al. 00
2005). These are particularly important as thefigaton process requires the transport of redactan
and heat from the external bulk gas phase to tteenal particle surface, where the chemical reastio
take place. Diffusional effects can be importansoalfor thermogravimetric conditions and
consequently the experiments should be accurataiyed out and proper consideration should be
given to the interpretation of the data. A two-dimsi®nal model developed for a better understanding
of these problems (Gomez-Barea et al. (2005)) shbatstemperature and partial pressures of carbon
dioxide are the key parameters and that the roldifaision is a function of the conversion degree.
Therefore, the assessment of diffusional effeatsilshbe made for the entire range of conversioms an
operating conditions.

Experiments carried out to determine the gasificatates usually foresee a pre-heating periotiiZn

up to high temperatures (1000C) and a retentioiog€t0 min) (Ollero et al. (2002)). Then the saenpl

is cooled down (25K/min) to the desired temperatagain in an inert environment. Finally the
gasification tests are carried out under isothemoalitions at selected temperatures. Isotherntal da
are thus used to evaluate the reaction kinetics.

The kinetics of biomass/char gasification are dbsdrby a one-step global reaction by several astho
for CO2 (Groeneveld and Van Swaaij (1980), De Granad Shafizadeh (1984), Plante et al. (1988),
Bandyopadhyay et al. (1991), Tancredi et al. (19B@nrich et al. (1999), Risnes et al. (2001), Barr
and Hustad (2001), Ollero et al. (2003)) or ste&ankfelt et al. (1978), Groeneveld and Van Swaaij
(1980), Richard et al. (1982), Hemati et al. (1988 et al. (1991), Molainen et al. (1994), Maikn

and Saviharju (1997), Barrio et al. (1991)) atmesph. There is quite good agreement in relaton t
the activation energy of the global reaction, esglgcfor CO2 gasification. For wood gasification i
CO2, the value is around 200kJ/mol (values betwi#1200kJ/mol with the corresponding In of the
pre-exponential factors of 20 and 21) with theaent n (for CO2 partial pressure) roughly between
0.4 and 0.6. The kinetics of wheat straw char atghly the same as wood (Risnes et al. (2001)) but
those of chars from olive residues present muchetovalues (133kJ/mol, Ollero et al. (2003)),
presumably owing to the high potassium contenhefdshes. The differences between the activation
energies estimated for the steam gasification addvohar are higher than in the case of CO2 with
values comprised between 138 and 271 kJ/mol, thahghmajority of the evaluations are around
intermediate values of 180-210 kJ/mol. The expomeftr the steam partial pressure varies between
0.5-1.

The more complicated Langmuir-Hinshelwood kineties considered only in a few cases (Hawley et
al. (1983), Barrio and Hustad (2001), Barrio et (2001), Ollero et al. (2003), Klose and Wolki
(2005)), often with the sole evaluation of the redestants.



3.5 Kinetic models of char combustion

The majority of the kinetic models of wood char dmrstion, using integral thermogravimetric (TG)
dynamic data for parameter estimation, is based ame-step global reaction with a power-law
dependence on the oxygen partial pressure andotitersass fraction (this accounting for structural
effects). Significant variation is shown by kimeparameters, with activation energies of 160kJ/mol
for cellulosic chars (Kashiwagi and Nambu (199208 75-140kJ/mol for other feedstocks (Adanez et
al. (1991), Magnaterra et al. (1994), Janse €18B8), Di Blasi et al. (1999)).

Despite the widely used one-step reaction, as ssstliabove, differential thermogravimetric (DTG)
data show that combustion of lignocellulosic chiar& multi-step process. The most recent kinetic
analysis (Branca and Di Blasi (2003)) takes inteocant both stages and uses differential data.
Thermogravimetric curves in air of wood chars, oi#d from different species and conventional or
fast pyrolysis, show a low-temperature shouldevdtiilization) followed by a high-temperature peak
(combustion). A n-order global reaction providegeay poor description of the differential curvesian

in agreement with previous literature, requires elatively low activation energies (114.5 and
167kJ/mol for conventional and fast pyrolysis chagspectively). The combination with an additional
first-order reaction for the devolatilization stageduces accurate predictions of both integral and
differential curves. It also gives rise to muchhegactivation energies of the combustion reaqti®3

or 229kJ/mol, depending on the severity of the jygie conditions). The kinetic parameters for the
combustion stage are independent of the detailegeigrthe description of the devolatilization stage

is worth noting that, for the case of conventiopgtolysis (wood) char, the activation energy
(182.6kJ/mol)is significantly higher than that dhtd by means of one-step global models and roughly
the same as reported for the low-temperature zéuoead char or graphite combustion (the rate of the
combustion reaction is nearly linear). The actmatienergy of the devolatilization reaction also
increases with the severity of the pyrolysis candd (from 114.5 to 218.5kJ/mol), whereas the
differences in the char reactivity deriving fronmetiwvood species can be taken into account by pre-
exponential factors and order of the combustiortiea. The use of two first-order reactions for the
devolatilization stage does not improve signifitatihhe accuracy of the predictions. The exponent fo
the dependence on the partial pressure of oxygebéen reported to vary roughly between 0.5 and 1.

4. CONCLUSIONS

As temperature, retention time and /or pressui@shed during biomass pyrolysis are increases, th
reactivity of the resulting char decreases for batthiucing and oxidizing environments. Indeed, the
first two parameters cause an increase in the tamalcordering of the carbon matrix, in this way
lowering the concentration of the active sites Iftied annealing). Apart from reducing the surface
area, the pyrolysis pressure is reported to imgmettly on the reactivity of char due to an inceaf

the graphitisation level in its structure. Fastthmprates during pyrolysis are suggested to preduc
defective carbon microcrystallites having a higbencentration of active reaction sites. Furthermore
it has been recently observed that char partialeiergo a molten phase with the consequent creation
of smoother surfaces and spherical cavities. Treeaypore network is reduced owing to melting, but
the formation of macro-pores is associated withnanease in the surface area. Operating conditions
during conversion, and in particular the concerdret of carbon monoxide or hydrogen, also influence
the char reactivity, which is a function of conversand the related changes in the surface area. At
high conversions it is also highly affected by timerease in the ratio between carbon and the
catalytically active substances present in thesadHence, pre-pyrolysis addition of catalysts tado

is another means to modify reaction characteristics

Several kinetic models are available of the combnskinetics for wood and biomass, based on
thermogravimetric measurements. Following the ssathple mass and the mild thermal conditions



usually employed, the weight loss characteristizsrstwo zones corresponding to the devolatilization
and the combustion reactions, respectively. Thgelgrart of the kinetic models is highly simplified
and consists of two global reactions with nth-orcees in the mass fraction. These are empirical
models as the kinetic constants are estimatedfonlyingle experiments by means of integral data. |
a few cases, more accurate treatments are developetrising two or three steps for the
devolatilization stage coupled with an additionedation for char combustion. The use of differdntia
data produces higher values for the activationggnef the last step, which are roughly in the range
140-180kJ/mol.

In the mathematical description of char combustiere are essentially two contributions to be taken
into account, that is, the intrinsic kinetic lawhieh mainly describes the dependence on temperature
and concentrations of reactants, and structurdt@ans during conversion. Structural models agplie
for biomass chars are the same as for coals, thowglification are proposed to take into account the
peculiarities of the former.

Significant effort has been devoted to determine garameters for a global reaction of char
gasification in carbon dioxide or steam bearingaspieres, using thermogravimetric isothermal data.
There is quite good agreement in relation to thiévatmon energy, especially for carbon dioxide
gasification. For wood gasification, the value umnd 200kJ/mol (values between 196-200kJ/mol
with the corresponding In of the pre-exponentiatdas of 20 and 21) with the exponent n (for carbo
dioxide partial pressure) roughly between 0.4 angl Differences are seen for biomass chars,
presumably owing to different contents and compmsst of the ashes. A wider range of variation is
observed for the steam gasification of wood chdh activation energies comprised between 138 and
271 kJ/mol, though the majority of the evaluati@ns around intermediate values of 180-210 kJ/mol.
The exponent for the steam partial pressure varadseen 0.5-1. The more complicated Langmuir-
Hinshelwood kinetics are considered only in a feages, often with the sole evaluation of the rate
constants.

The majority of the kinetic models of wood char dwstion, using integral thermogravimetric
dynamic data for parameter estimation, is based ame-step global reaction with a power-law
dependence on the oxygen partial pressure andotitersass fraction (this accounting for structural
effects). Significant variation is shown by kineparameters, with activation mainly in the range 75
140kJ/mol. However, differential thermogravimetdata show that combustion of lignocellulosic
chars is a multi-step process. A recent model shbatsa n-order global reaction provides a veryrpoo
description of the differential curves and, in agnent with previous literature, requires relativiely
activation energies (115 and 167kJ/mol for conwerai and fast pyrolysis chars, respectively). The
combination with an additional first-order reactitor the devolatilization stage produces accurate
predictions and gives rise to much higher activatemergies of the combustion reaction (183 or
229kJ/mol, depending on the severity of the pyislgenditions).
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