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Many by-products are generated during gasification, such as tar, NOx, SO2, and fly ash. In particular, tar
elimination from the product gas is necessary to make gasification an attractive option. The presence of
tar can cause operational problems to further equipment; heavy tars may condense on cooler surfaces
downstream which can lead to blockage of particle filters and fuel lines. With the aim of establishing a
mechanism for tar formation, tar precursors were identified based on biomass main components – lignin,
cellulose and hemicellulose. This review describes the fundamentals of the possible mechanisms for tar
formation and evolution, as well as the background for the development of a model for the simulation of a
biomass fluidised bed gasifier.
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1. Introduction

Increasing interest to substitute fossil fuels and reduce green-
house gas emissions has promoted research on the use of biomass
and agricultural waste in energy conversion processes. A techno-
logical option that has the potential to become one answer for
renewable energy generation is biomass gasification. Even though
coal gasification is a well-established technology, its adaptation to
biomass gasification poses challenges in the designing of the pro-
cess. The main reason is the chemical and physical differences be-
tween biomass and coal [1]. That is, biomass is characterised by
lower fixed carbon, and higher moisture and volatile matter con-
tents than coal.

During gasification many by-products are generated such as
NOx, SO2, fly ash and tar. In particular, tar formation is one of the
major issues to be solved when implementing this technology.
The higher volatile matter makes biomass more susceptible to tar
formation. Tar is a complex mixture of condensable hydrocarbons
comprising single-ring to 5-ring aromatic compounds plus other
oxygen-containing hydrocarbons and complex polyaromatic
hydrocarbons (PAHs) [2].

The success of biomass gasification requires a reliable system
that delivers a quality product. The presence of tar can cause oper-
ational problems because of the possible formation of aerosols,
soot formation due to repolymerisation, and interaction of tar with
other contaminants on fine particles. In addition, heavy tars may
condense on cooler surfaces downstream which can lead to block-
age of particle filters and fuel lines. Therefore, tar elimination from
the product gas is the ultimate goal to make gasification an attrac-
tive option.

Methods to reduce and control tar formation during biomass
gasification have been divided in primary methods – when the
tar is removed inside the gasifier-, and secondary methods – when
tar is removed in a separate step after gasification [2]. Primary
methods include the appropriate selection of operating parame-
ters, the proper design of the gasifier and the use of suitable bed
additives or catalysts during gasification. In contrast, secondary
methods comprise tar cracking either thermally or catalytically,
or mechanical methods such as the use of cyclones and electro-
static filters. Tar reduction methods have also been categorised in
five groups: mechanism methods, self-modification, thermal
cracking, catalyst cracking, and plasma methods [3].

Mechanical methods are classified into two types: dry and wet
gas cleaning. Dry gas cleaning methods include cyclones, rotating
particle separators (RPS), fabric filters, ceramic filters, activated
carbon based adsorbers, and sand bed filters which can be used
to capture tar from product gas. Wet gas cleaning methods are
used after gas cooling at about 20–60 �C; some examples are wet
electrostatic precipitators, wet scrubbers, and wet cyclones. How-
ever, disadvantages of wet gas cleaning are that synthesis gas has
to be cooled down and waste water treatment is required [4].

Self-modification methods comprise the best selection of type
of gasifier and operating parameters, such as temperature, equiva-
lence ratio (ER), the type of biomass, pressure, gasifying medium
and residence time. Increases of operating temperature have
shown to reduce the total number of detectable tars but favoured
the formation of aromatics without substituent groups (such as
benzene and naphthalene) [5]. Tar yield and tar oxygen-containing
compounds decreased drastically with increases of ER. Experimen-
tal work in a fluidised bed gasifier with tree chips showed that rais-
ing the pressure from 8 to 21 bars reduced oxygenated
components, and particularly phenols were almost completely
eliminated, conversely, the PAH fraction increased [6].

Thermal cracking involves conversion or cracking of tar into
lighter gases using high temperatures for certain residence time.
It was reported for biomass tars, that the maximum quantity of
tar was reached at about 773 K and then dropped with increasing
temperature. At temperatures >873 K, secondary reactions (i.e. tar
cracking) occurred, increasing the amount of non-condensable
gases, which improved the energetic content of the product gas
[7]. In addition, at least a temperature of 1523 K and residence
time of 0.5 s were identified as needed to achieve high tar cracking
efficiencies [3]. For catalytic cracking techniques, catalysts com-
monly employed are classified into six groups: nickel-based cata-
lysts, non-nickel metal catalysts, alkali metal catalysts, basic
catalysts, acid catalysts, and activated carbon catalysts [4]. Lastly,
the plasma method has been used to simultaneously remove tars
and particles; 50% removal of naphthalene was achieved with a
corona discharge using an energy density of 40 J/L at 400 �C in
about 3 min [8]. Devi et al. [2] and Han and Kim [3] have compre-
hensively reviewed tar reduction methods, interested readers
should refer to those reports.

Tar is often classified according to its appearance as primary,
secondary and tertiary tars. Primary tars have been identified as
consisting of mainly oxygenated compounds produced at 673–
973 K. Secondary tars are produced at around 973–1123 K and
comprise phenolics and olefins; whilst tertiary tars are formed at
temperatures around 1123–1273 K and consist of complex aro-
matic compounds [9]. As part of the tertiary tars, aromatics such
as PAHs are found. Other tar classification is based on the molecu-
lar weight of tar compounds, which are divided by classes: class 1
refers to GC-undetectable tars, like heaviest tars that condense at
high temperatures even at low concentrations; class 2 refers to
heterocyclic compounds that generally have high water solubility,
such as phenol and cresol; class 3 includes 1-ring aromatic com-
pounds, e.g. xylene and toluene; class 4 refers to 2–3 ring PAH
compounds, such as naphthalene and phenanthrene; and, class 5
includes higher PAH compounds, that is, 4–7 ring aromatic com-
pounds from fluoranthene to coronene [3]. Another description
for tar, based on tar sampling and analysis, is gravimetric tar. It re-
fers to numerous individual tar compounds quantified in the liquid
tar sample from gasifier systems, which will exclude compounds
evaporated during the determination of gravimetric tar. Thus, total
tar refers to the sum of gravimetric tar and the tar in the evapora-
tion residue [9].

Due to the complexity of tar, most reports are mainly concerned
with the identification and quantification of PAH from pyrolysis or
combustion. In the case of kinetic studies, attention has been given
to the determination of either kinetic parameters for the overall
weight loss of the fuel or kinetic parameters for the evolution of
light gases (such as CO, CH4 and H2). As a result, kinetic data and
theoretical comprehension of the tar reaction processes during bio-
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mass gasification are still on-going research topics. Therefore, the
present review evaluates the recent work on tar formation and
evolution during fluidised bed biomass gasification. This work does
not intend to be an exhaustive review of all the literature on ligno-
cellulosic material and their tars; instead this work presents the
fundamentals of tar formation, tar evolution and its destruction,
which are applicable to models that include tar formation
mechanisms.
2. Fundamentals of biomass tar formation

Biomass composition mainly comprises lignin, cellulose and
hemicellulose. Table 1 shows the approximate analysis of some
types of biomass [10–12]. During biomass pyrolysis, it has been
identified that biomass decomposes according to the following
four stages: at temperatures <493 K, moisture was evaporated; at
493–588 K, predominantly hemicellulose decomposition occurred;
at 588–673 K, cellulose decomposition was observed; and at
>673 K, mainly lignin decomposed [13]. However, differences in
devolatilisation patterns, based on weight losses during thermo-
gravimetric analysis (TGA) for different types of biomass, have
been acknowledged. For example, TGA results for wood chips and
chicken litter (broiler and flock) showed different weight loss re-
gimes. Wood chips showed two weight loss regimes, the first one
attributed to the decomposition of cellulose, hemicellulose and lig-
nin, and the last one to the further devolatilisation of residual char-
coal. Whereas chicken litter exhibited three different weight loss
regimes, the second loss regime was attributed to manure and lig-
nin, and the third one to further charcoal devolatilisation [14,15].

It is well established that gasification comprises sequential
steps, which are: pre-heating and drying, pyrolysis, and char gasi-
fication and oxidation. The pyrolysis step normally takes place at
473–773 K, where the fuel decomposes into three often lumped
products: char, volatiles (condensable hydrocarbon or tar) and
gases (non-condensable) [16,17]. Since pyrolysis is the first stage
of thermal degradation, the mechanisms of biomass pyrolysis have
been studied to determine the pyrolysis rate and the amount,
properties and composition of the resulting product [16,18].

Experiments using hinoki cypress sawdust were executed to
compare pyrolysis, steam gasification and partial oxidation
Table 1
Approximate analysis of some biomass types.

Type of biomass Cellulose
(%)

Hemicellulose
(%)

Lignin
(%)

Other
(%)

Softwooda 41 24 28 7
Hardwooda 39 35 20 7
Wheat strawa 40 28 17 15
Rice strawa 30 25 12 33
Bagassea 38 39 20 3
Oak woodb 34.5 18.6 28
Pine woodb 42.1 17.7 25
Birch woodb 35.7 25.1 19.3
Spruce woodb 41.1 20.9 28
Sunflower seed

hullb
26.7 18.4 27

Coconut shellb 24.2 24.7 34.9
Almond shellb 24.7 27 27.2
Broiler poultry

litterc
27 17.8 11.3 20

a Other refers to organic compounds such as starch and inorganic material such
as salts, minerals, and water [10].

b Lignin was measured as acid-insoluble lignin, %cellulose = %glucose � 0.9 and
%hemicellulose = (%galactose + %mannose) � 0.9 + (%xylose + %arabinose) � 0.88
[11].

c Hemicellulose = NDF–ADF, and cellulose = ADF – lignin. NDF: neutral detergent
fiber; ADF: acid detergent fiber. Other refers to crude ash [12].
conditions [19]. It was found that pyrolysis (at 873 K) produced
mainly oxygen-containing compounds, that is, primary tars, such
as methanol, acetaldehyde, acetic acid, hydroxypropanone, methyl
furfural, and cresols; and in minor quantities, aromatic compounds
such as phenol, benzene and toluene. Higher temperatures (1173–
1273 K) during pyrolysis and steam gasification produced less oxy-
gen-containing compounds (only phenol and benzofuran), and
mainly aromatic compounds (benzene and toluene) as well as of
higher molecular weight, such as naphthalene, styrene, indene,
anthracene, and pyrene. For steam gasification, even chrysene
and benzopyrene were detected. In brief, secondary and tertiary
tars were generated at those conditions. Lastly, pyrolysis and
steam gasification at temperatures higher than 1373 K, and partial
oxidation showed that most tar compounds were destroyed and
only stable aromatics (benzene, toluene and naphthalene) re-
mained. As a result, the study of pyrolysis reactions of tar precur-
sors is also crucial for understanding tar decomposition during
biomass gasification.

2.1. Lignin

Lignin fraction normally consists of 20–40 wt.% dry of biomass.
Lignin is a complex racemic polymer and is composed of p-
hydroxyphenyl, guaiacyl and syringil units; an example of a typical
lignin structure is shown in Fig. 1. Since only the lignin fraction of
the biomass is aromatic in nature, lignin represents a potential pre-
cursor for PAH formation. Three hydroxycinnamyl alcohols consid-
ered precursors of lignin, which only differ in their degree of
methoxylation, are shown in Fig. 2. The three species, p-coumaryl
alcohol, coniferyl alcohol and sinapyl alcohol, are also called mono-
lignols. These monolignols produce dilignols as the main building
blocks of the lignin polymer, p-hydroxyphenyl, guaiacyl, and
syringyl phenylpropanoid, respectively [20].

The lignin monomeric unit is often referred as nine carbon
atoms and expressed using a C9 based formula, e.g. C9H7.2O2(H2-

O)0.4(OCH3)0.92 for Norway spruce. For spruce lignin a ratio of gua-
iacyl: p-hydroxyphenyl: syringyl units was estimated as 94:5:1
[21].

Lignin pyrolysis is known to produce non-condensable gases,
char, and condensable tars comprising several low and high
molecular weight phenolic compounds, at low to moderate tem-
peratures (<973 K) [20]. Lignin was the most difficult to decom-
pose among the three biomass components. Its decomposition
occurred in a wide temperature range (373–1173 K), due to the
broad range of activity of the chemical bonds in lignin aromatic
rings [22]. Oxygenated compounds were the most dominant
products during the pyrolysis of biomass from both cellulose
and lignin; mainly guaiacols with some furans and sugar deriva-
tives, such as levoglucosan, predominantly arose from cellulose
even above 873 K [23].

2.1.1. Lignin pyrolysis products
Some typical products of lignin pyrolysis identified from exper-

imental work are presented in Table 2 [24]. These pyrolysis prod-
ucts were mainly grouped in phenolics, such as phenols,
guaiacols and catechols, and light gases e.g. carbon oxides. How-
ever, this list did not identify if the products were originally gener-
ated or evolved after reactions of previous products. To make a
distinction, a mechanism that includes the reaction pathway from
lignin precursors to larger PAHs is necessary.

Lignin from different types of biomass differs in structure, and
expectedly in the primary pyrolysis products generated. Hardwood
lignin comprises guaiacyl (4-hydroxy-3-methoxyphenyl) and
syringyl (3,5-dimethoxy-4-hydroxyphenyl) units, while softwood
lignin is mainly made of guaiacyl units. GC/MS studies showed that
guaiacol (2-methoxyphenol) and syringol (2,6-dimethoxyphenol)



Fig. 1. Typical structure of a softwood lignin [20,21].
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and their derivatives with various saturated, >C@C< and >C@O
side-chains at their C4-positions were formed from hardwood lig-
nin pyrolysis. Only guaiacol and its derivatives were produced
from softwood lignins. Secondary reactions of these primary tars
produced catechols/pyrogallols, cresols/xylenols, phenol, PAHs,
coke and gases [25].



Fig. 2. Hydroxycinnamyl alcohols precursors of lignin.

Table 2
Typical lignin pyrolysis products [24].

Type of
product

Group of
compound

Examples

Light liquids
H2O, metanol

Phenolics Monohydroxyl
phenols

Phenol, o-cresol, m-cresol, p-cresol, 2-
ethylphenol, 4-propylphenol and xylenols

Guaiacols Guaiacol, 4-methylguaiacol, 4-ethylguaiacol,
4-propylguaiacol

Catechols Catechol, 4-methylcatechol, 4-ethylcatechol,
3-methoxycatechol

Gases Hydrocarbons Methane, ethane, ethylene, propane,
propylene, n-butane and isobutene

Carbon oxides CO, CO2

Sulphur-
containing
compounds

H2S, methyl mercaptan
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2.2. Cellulose

Cellulose has the empirical formula H(C6H10O5)nOH, where n is
the number of monomer units, from 200 to �10,000, with corre-
sponding molecular weights of 32,400 to more than 1,600,000. Cel-
lulose pyrolysis produced large amounts of carbohydrates, and
levoglucosan was the main constituent of these carbohydrates
[26]. TGA experiments have shown that cellulose primary pyrolysis
took place at the temperature range of 600–680 K [27]. The maxi-
mum weight loss rate was reached at 628 K. When the tempera-
ture was higher than 673 K, nearly all cellulose was pyrolyzed
and very low solid residue was left [22].

Experimental studies have shown that cellulose pyrolysis pro-
duced levoglucosan as an intermediate product, which then con-
verted to tar compounds [28]. Besides levoglucosan, other
primary tar components were produced after cellulose pyrolysis
such as, furfural, glycolaldehyde, hydroxyacetone, formic acid
and acetic acid. Increasing yields of CO, CH4 and H2 were linked
to decreasing yields of levoglucosan, glycolaldehyde, formic acid
and furfural [29].

2.2.1. Cellulose pyrolysis products
Cellulose pyrolysis has been reported to generate predomi-

nantly furans and small molecule aldehydes. The large number of
furan-ring products was suggested as mainly caused by the com-
petitive reactions of the formation of levoglucosan with the sec-
ondary decomposition of levoglucosan. The small molecule
aldehydes were identified as mostly produced from the secondary
decomposition of anhydrous sugars (especially levoglucosan)
through dehydration, fission, decarbonylation and decarboxylation
reactions [30].

‘‘Broido-Shafizadeh’’ proposed a model for the pyrolysis of cel-
lulose, which is one of the oldest and still widely acknowledged.
This model showed the decomposition of cellulose as two consec-
utive first-order reactions. The first step generated an ‘‘active cellu-
lose’’, followed by two competing reactions whereby it was either
decomposed into char and gases (CO2 and water vapor) or further
depolymerised into volatiles with levoglucosan as its main constit-
uent [10,31].

‘‘Diebold’’ model consists of seven first-order global reactions
for the pyrolysis of cellulose. First cellulose was decomposed
through two competing reactions, one to produce ‘‘active cellu-
lose’’ product, and the other a dehydration reaction to form char
and water. The ‘‘active cellulose’’ material may be transformed in
three ways in order to: crack directly to secondary gases; pyrolyze
and volatilise to primary vapours; or dehydrate to char and water.
The primary vapours could then react to form secondary gases or
secondary tars (and by-product gases) [32].

Lin et al. [33] presented a mechanism in which cellulose decom-
posed to oligosaccharides with relatively lower molecular units up
to it reached the sugar level resulting in levoglucosan production.
Levoglucosan could undergo dehydration and isomerization reac-
tions to form other anhydro-monosaccharides such as levoglucose-
none, which could be either repolymerized or transformed by
fragmentation to form aldehydes and ketones, dehydration to form
furans, decarbonylation or decarboxylation.

In order to establish a pathway for cellulose pyrolysis, levoglu-
cosan was chosen as a model compound since it was the main
pyrolysis product formed. It was found that levoglucosan under-
went two simultaneous reactions: transformation into volatile
low-molecular weight products and ring-opening polymerisation
into polysaccharides. The pyrolysis products were found to change
stepwise as: levoglucosan ? MeOH-soluble fraction (lower-molec-
ular-weight products and oligosaccharides) ? water-soluble frac-
tion (polysaccharides) ? insoluble fraction (carbonized products)
[34].

2.3. Hemicellulose

Hemicellulose is a complex component of biomass, intercon-
nected together with cellulose by physical intermixing, and linked
to lignin by covalent bonds (mainly a-benzyl ether linkage). Hemi-
cellulose is the least stable polymer within lignocellulosic biomass
and is not chemically homogeneous [35]. In addition, hemicellu-
lose is amorphous and has a lower degree of polymerisation than
cellulose [36]. The main hemicellulose component is xylan, which
is composed of 1,4-linked b-d-xylopyranose (b-d-Xylp) units that
can be substituted at C-2 and/or C-3 by short and flexible side
chains. In addition, acetyl groups located at O-2 and/or O-3 are of-
ten found on the backbone of xylopyranosyl residues [35].

Hemicellulose is thermally the least stable component of bio-
mass. For that reason, hemicellulose decomposed faster and at
lower temperatures than cellulose and lignin [37]. Xylan started
decomposing easily during pyrolysis, where the weight loss mainly
happened at 493–588 K. The maximum mass loss rate occurred at
541 K, and �20% solid residue was still left even at 1173 K [22].

2.3.1. Hemicellulose pyrolysis products
It has been reported that the main compounds from the pyroly-

sis of hemicellulose are methanol, acetic acid, furfural, acetone and
1,4-anhydro-D-xylopyranose. It was found that 1,4-anhydro-D-
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xylopyranose acted as an intermediate product to generate two-
and three-carbon fragments and gases. The main mechanism of
the formation of acetic acid was suggested as involved with the
primary elimination reaction of the active o-acetyl groups linked
to the main xylan chain on C2 position; whilst the formation of
acetic acid and CO2 was attributed to the primary decomposition
of the o-acetylxylan unit [38]. Table 3 shows the main hemicellu-
lose monomeric units and their most important derived pyrolysis
products.

It is known that xylan is the main hemicellulose component of
hardwoods and glucomannans of softwoods [36]. Therefore, xylan
has been used as a model compound of hemicellulose. From xylan
Table 3
Main hemicellulose pyrolysis products [38].

Monomeric unit Functional group Main compounds

Xylan Alcohol Ethanol
Aldehydes Acetaldehyde, propanedial,

formaldehyde
Heterocyclic
aldehyde

Furfural

Ketone Acetone
Gases CO, CH4, H2

o-Acetyl xylan Aldehydes Acetaldehyde, formaldehyde
Carboxylic acid Acetic acid, propionic acid
Ketone Acetone
Gases CO2, CO

4-o-Methyl
glucurono-xylan

Alcohol Methanol
Aldehyde Acetaldehyde, glycolaldehyde
Carboxylic acid Acetic acid, formic acid
Heterocyclic
aldehyde

Furfural

Ketone Acetone
Gases CO2, CO

Fig. 3. Pyrolytic gasification pathways
pyrolysis, acids, phenols, aldehydes, ketones, and esters were de-
tected and a small amount of carbohydrates. Xylan mainly formed
acids which were derived from the acetyl groups and uronic acid
side chains [26].

Xylan primary degradation was recognised from two over-
lapped steps represented by two peaks in the differential thermo-
gravimetric (DTG) curves. The first peak was assigned to the
cleavage of the glycosidic bonds between xylan units and the
decomposition of side chain structures; the second peak was
attributed to the opening of the xylan unit [27].

Pathways proposed for the pyrolytic gasification of different
chemical structures of biomass components, cellulose and lignin
are shown in Fig. 3 [29]. The experiments were carried out un-
der the conditions of N2 at 873 K without adding any gasifying
agents in a closed ampoule reactor. It was found that the sec-
ondary char formation from wood polysaccharides (cellulose
and hemicellulose) was caused by the condensation of volatile
products such as levoglucosan. For lignin, the OACH3 homolysis
was named responsible for the structural changes of the aro-
matic rings to form catechol-, o-cresol- and phenol-type com-
pounds, and for the acceleration of the secondary char
formation.
3. Methods of quantification

Biomass is composed largely of cellulose -a polymer of glucose-,
hemicellulose -a complex polymer of which the main chain mostly
consists of xylans-, and lignin -a complex phenolic polymer. Ana-
lytical methods have been developed over the years to estimate
the composition of biomass components; these methods are
mainly based on the fractionation of biomass samples, wherein
the isolated and purified fractions are quantified using conven-
tional analytical instruments [39].
of cellulose (A) and lignin (B) [29].
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3.1. Lignin quantification

The structure of lignin is complex and irregular, and addition-
ally the preparation of pure samples of unchanged structure is
not an easy task. There are two major groups of methods for lignin
determination. The first group employs strong mineral acids, since
lignin is mainly insoluble in mineral acids; lignin can be analysed
gravimetrically after hydrolysing the cellulose and hemicellulose
fractions with sulphuric acid. The second group uses oxidizing
agents to selectively remove the lignin. In these second methods,
lignin is estimated either by sample mass loss or through a photo-
metric assay for lignin oxidation products [40].

The oldest and most common first-group method to determine
the total lignin is the Klason lignin determination, which has been
standardised by the Technical Association of the Pulp and Paper
Industry. The sample is first treated with 72% sulphuric acid and
then heated with dilute acid to hydrolyse the polysaccharides to
soluble fragments. The solid residue is washed, dried and weighed.
Correct values are obtained for softwoods, but hardwoods contain
variable amounts of ‘acid soluble lignin’ which must be estimated
by UV spectrophotometry [41]. The acid detergent lignin (ADL)
method was developed by Van Soest (1967) and is a modification
of the Klason lignin method. The main difference between the
two methods is the sequence in which acid concentration and tem-
perature are utilised to affect the hydrolysis of polysaccharides. In
ADL analysis, dilute H2SO4 is used initially at high temperature, fol-
lowed by more concentrated acid at low temperature [42]. The
determination of the lignin content, as part of the biomass charac-
terisation, is of particular interest as input parameter in modelling
work.

3.2. Cellulose and hemicellulose quantification

Cellulose and hemicellulose fractions are insoluble in water.
First, cellulose is solubilised by concentrated sulphuric acid, usu-
ally 72% (w/w) at 303 K, and then is hydrolysed by diluted
H2SO4. Hemicellulose can be hydrolysed into their constituent
monosaccharides by diluted H2SO4, usually 4% (w/w) at 394 K
[43]. As a result, three methods are commonly employed for the
determination of cellulose and hemicellulose – the acid detergent
fibre (ADF), neutral detergent fibre (NDF) and ADL.

The NDF is the cell wall fraction which comprises cell wall poly-
saccharides (less pectins) and lignin. The NDF is obtained from an
extraction with neutral detergent (sodium laurylsulphate) which
removes cell contents and amorphous silica. The residue is directly
filtered, washed with hot water, and dried with acetone. If fol-
lowed by a calcination step at 823 K, the ash content can be deter-
mined [39]. The ADF, is the residue consisting of lignin and
cellulose, obtained after extraction with acid detergent (acetylt-
rimethylammonium bromide in 0.5 M sulphuric acid at 373 K)
and hydrolysis of the hemicellulose components [43]. Therefore,
according to the Van Soest method, cellulose is determined by
the difference between ADF and ADL and hemicellulose as NDF–
ADF.

The holocellulose extraction (HOLO) procedure involves treat-
ment with an acid solution (sodium acetate solution) at 348 K to
brake off the non-covalent interactions between biomass
polymers. Sodium chlorite is then added, followed by cooling, fil-
tration and washing with water and acetone, in order to optimise
the polymer hydrolysis whilst minimising the degradation of
monomeric sugars. Lastly, the residue is dried at room temperature
and weighted to measure the holocellulose content, which only
contains cellulose and hemicellulose [39].

The a-cellulose (a) is termed as the residue of holocellulose
insoluble in a NaOH solution (17.5 wt.%). It is considered to repre-
sent the undamaged higher molecular weight cellulose in biomass
samples. Then, an acetic acid solution (10 wt.%) is added to hydro-
lyse the degraded cellulose and hemicelluloses. The residue is fil-
tered and washed with hot water, and the a-cellulose is the
dried residue, which is quantified gravimetrically [39].

4. Tar growth mechanisms

With the aim of understanding the generation of PAH leading to
soot formation, some mechanisms are proposed in the literature as
described below:

(i) Direct combination of aromatic rings, for example the com-
bination of two rings to produce biphenyl as shown in Fig. 5.

(ii) H2-abstraction-C2H2-addition (HACA) sequence. Aromatic
rings grow by H-abstraction forming a radical compound,
followed by acetylene addition which propagates molecular
growth by cyclisation [44].

(iii) Phenol precursor for PAH formation. Phenol is transformed
to cyclopentadiene and CO is abstracted from the phenol
[45]. After that, cyclopendienyl radicals combine to form
bigger compounds, e.g. aromatic compounds from naphtha-
lene to chrysene, as shown in Fig. 6 [46].

Since the lignin fraction in biomass is relatively small, the
HACA route to PAH formation was proposed as the more likely
mechanism for soot formation [23]. Indeed, acetylene and butadi-
ene were detected in significant concentrations during the com-
bustion of pine wood [47]. Acetylene reached a maximum
production between 1173 and 1273 K and complete destruction
at 1473 and 1673 K for gasification and pyrolysis, respectively
[19]. The decomposition of methoxyl groups and aliphatic chains
were the main sources of light hydrocarbon gases. It was sug-
gested that acetylene may derive from the decomposition of
C2H4 and certain aromatic tar components. The yield of non-equi-
librium intermediates (e.g. acetylene and ethylene) during pyroly-
sis was increased by high temperatures and short gas residence
times [48].

Since acetylene reached maximum production and complete
destruction at temperatures greater than 1173 and 1273 K for gas-
ification and pyrolysis, respectively [19], the HACA route seems
feasible only at temperatures greater than 1173 K, wherein acety-
lene is more abundant.

5. Tar destruction

Tar destruction takes place as a result of a series of complex,
multiple and simultaneous reactions. The main reactions that
might occur during tar decomposition were foreseen as:

Thermal cracking

pCnHx $ qCmHy þ rH2 ð1Þ

Steam reforming

CnHx þmH2O$ nCOþ mþ x
2

� �
H2 ð2Þ

Dry reforming

CnHx þ nCO2 $ 2nCOþ x
2

� �
H2 ð3Þ

Carbon formation

CnHx $ nCþ x
2

� �
H2 ð4Þ

Partial oxidation

CnHx þ
n
2

O2 $ nCOþ x
2

� �
H2 ð5Þ



Fig. 4. Model units in lignin structure [20].
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where CnHx represented tar which can be a mixture of several indi-
vidual tar compounds, and CmHy represented a hydrocarbon with a
smaller carbon number than CnHx [49].

5.1. Tar model compounds

In order to overcome the complexity of the lignin structure,
model compounds have been used as reference in experimental
works for the characterisation of the different lignin units and
identification of possible devolatilisation reactions. Some examples
of model units are shown in Fig. 4. LIG-C represented a softwood
lignin without methoxyl groups and with the largest amount of
carbon [20]. LIG-O and LIG-H represented structures of hardwood
lignin which are richest in O and H, respectively, containing meth-
oxyl groups.

Eugenol (4-allyl-2-methoxyphenol, C10H12O2) is other model
compound that was used in order to represent the structural units
of lignin. The major aromatic produced during pyrolysis was naph-
thalene, with methylnaphthalenes and other 2- and 3-ring PAHs
[23]; during combustion mainly monoaromatics such as benzene,
toluene and C2-benzenes, were generated [47].

Catechol (1,2-dihydroxybenzene) has been used because it is a
predominant unit in lignin and coal, as well as present in biomass
tars [50]. Catechol was pyrolysed in the presence of various
amounts of oxygen. Two-ring compounds, mainly indene and
naphthalene were detected under pyrolysis or oxygen-rich condi-
tions below 1073 K; whilst in the absence of oxygen, larger PAHs
were produced and decreased with increasing oxygen content
above 1073 K [47]. Experiments using a residence time of 0.4 s in
a reactor operated at 773–1273 K showed that benzene was the
most abundant aromatic produced during catechol pyrolysis (max-
imum yield 6.7% w/w at 1173 K), followed by naphthalene and in-
dene [50].

The thermal cracking of methoxyphenols (ortho-, meta-, and
para-guaiacol) were studied in a heated microtubular reactor. It
was found that the three guaiacols decomposed to CH3 and the
hydroxyphenoxy radical, o-HOAC6H4O. Phenoxy radicals decarb-
onylated and the loss of CO generated the hydroxycyclopentadie-
nyl radical, which further decomposed to phenol [51].
Fig. 5. Example of direct comb
Acetylene, C2H2, was found as an abundant product from pyro-
lysis during experiments using catechol as a model compound of
lignin. It was proposed to add to benzene or phenyl radicals for
producing styrene and phenylacetylene, or add to naphthalene,
phenanthrene and pyrene for the formation of cyclopenta-fused
PAHs [50].

5.2. Catalytic tar destruction

Due to the complexity of tar, its decomposition reactions have
been studied using tar model compounds, such as phenol, toluene,
naphthalene, etc. The catalytic activity of olivine via steam reform-
ing was investigated using naphthalene as tar model. Naphthalene
conversion was higher than 80% when pre-treated olivine (10 h of
pre-treatment with air at 1173 K) was employed. The Arrhenius’
law was applied to estimate the apparent activation energy over
pre-treated olivine as 187 kJ/mol and frequency factor of
2.06 � 109 m3/kg h [52].

Toluene was used as tar model component in a laboratory scale
fixed bed reactor for toluene steam-reforming. The highest conver-
sion of toluene was achieved at temperatures above 923 K. The tol-
uene conversion using a Ni/olivine catalyst at 833 K was the same
as with olivine at 1123 K. The first order kinetic parameters for tol-
uene steam-reforming on Ni/olivine were reported for the activa-
tion energy (EA) as 196 kJ/mol and frequency factor (A) as
3.14 � 1013 m3/(kgcat h) [53]. Benzene was also used as model
component for kinetic studies at 1023–1198 K and ambient pres-
sure in a fixed bed reactor with a mixture of simulated gasification
gases using calcined dolomite as catalyst. The main assumed reac-
tions were benzene reacting with water to produce CO, H2 and CO2,
and benzene reacting with H2 to form light hydrocarbons [54].

Experimental studies on fluidised bed gasification of pine saw-
dust included the application of calcined dolomite as catalyst, and
air and steam as gasifying agents. After the gasifier, a fixed bed
reactor with nickel based catalyst (Z409R) was incorporated for
catalytic tar reduction. The temperature of the fixed bed reactor
was varied by external heating and an optimal temperature of
1023 K to deliver the maximum H2/CO ratio was found. Tar was re-
duced in the presence of the nickel based catalyst and also by
ination of aromatic rings.



Fig. 6. PAH formation from phenol precursors [46].
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increasing the temperature. Assuming a first-order kinetic model,
all tar species were treated as one lump in order to avoid the com-
plexity of the tar composition. EA and A were determined as 51 kJ/
mol and 14,476 m3(Tb,wet)/kg h, respectively [55]. Table 4 shows a
summary of the kinetics obtained for tar model compounds and
real tars during catalytic treatment. The apparent frequency factor
(k0,app) and activation energies (Eapp) were provided based on the
Arrhenius equation:

kapp ¼ k0;appe �Eapp=RTð Þ ð6Þ

Char has also been employed for the catalytic cracking of tars.
Experiments for comparing different catalysts revealed that com-
mercial biomass char delivered moderate phenol conversion (82%
by mass) at 973 K; the ranking of catalysts activity observed for
phenol conversion was: nickel > dolomite > fluid catalytic crack-
ing > commercial biomass char > olivine > sand; whilst for naphtha-
lene conversion at 1173 K: nickel > commercial biomass
char > biomass char > biomass ash > fluid catalytic cracking > dolo-
mite > olivine > silica sand [56]. In contract, experiments using
pyrolysis vapours from wood passed through a hot char bed, re-
ported no significant increase in the cracking of the tar yield [57].
The differences between the two above-mentioned experiments
were the size of char particles and activation of char. Particles and
void fraction in Abu El-Rub et al.’s [56] study (particle size of 1.4–
1.7 mm with bulk density of 260 kg/m3) were smaller than in the
Gilbert et al.’s [57] study (char cubes of about 10 mm in size with
bulk density of 100 kg/m3), which increased the specific interfacial
surface area for the tar compounds to be decomposed. In addition,
the char in Abu El-Rub et al.’s [56] study was continuously activated
by injecting steam (10%) and CO2 (6%), which helped removing the
coke deposits forming from the tar conversion on the char surface;
whilst the Gilbert et al.’s [57] study used pure nitrogen as purge gas.

The benefits of char as a catalyst are its low cost and its natural
production inside the gasifier. However, its disadvantages are coke
formation which can block the pores of char and reduce the surface
area of the catalyst, and catalyst loss due to char gasification by
steam and dry reforming reactions [4].

5.3. Thermal tar destruction

Thermal tar destruction takes place at high operating tempera-
tures wherein the total number of detectable tars was reduced;
nonetheless, the formation of aromatics without substituent
groups (such as benzene and naphthalene) was favoured [5]. In
addition, increases in the freeboard temperature also contributed
to the reduction of tar content due to tar cracking and steam
reforming reactions [68]. Table 4 shows the kinetic parameters
for some tar model compounds obtained during thermal
treatment.

Tar conversion processes have been simulated using numerical
methods in order to understand the cracking of tar as a secondary



Table 4
Kinetic parameters for the decomposition of some tar model compounds and real tars: thermal and catalytic cracking.

Model tar Agent Catalyst bed Kinetic parameters Ref.

Type Temperature (K) Eapp (kJ mol�1) k0,app (m3
T,wet kg�1 h�1)

Thermal cracking
Benzenea H2O + H2 1073–1673 443 2 � l016 [58]
Tolueneb H2O + H2 973–1673 247 3.3 � l010 [58]
Toluene H2O + O2 973–1223 356 2.3 � 105 s�1 [59]
Toluenec N2 + H2 + H2O 1098–1223 250 3.3 � 1010 [59]
Naphthalened H2O + H2 1223–1673 350 1.7 � l014 [58]

Catalytic cracking
Naphthalene H2O + CO2 + CO + H2 Pretreated olivine 1098–1173 187 2.06 � 109 [52]
Naphthalene Air Pt/Al2O3 726–753 149.9 3.26 � 1017 [60]
Naphthalene H2O + CO2 Char 973–1173 61 7.6 � 104 [56]
Naphthalene H2 Ni–Fe-dolomite 923–1223 63.9 [61]
1-methyl-naphthalene N2 + H2 NiMo 823 66.6 3.12 � 10�4 s�1 [62]

Y-zeolite 37.2 5.68 � 10�5 s�1

Toluene H2O Ni/olivine 833–1123 196 3.14 � 1013 [53]
Tar from biomass gasification Air Dolomite/sand 1123 196 7.2 � 1010 [63]

Olivine/sand 114 3.6 � 106

Tar from Mallee wood pyrolysis H2O Char 773–1123 82.1 5.39 � 106 [64]
Char/iron 60.8 2.11 � 106

Char/nickel 57.3 1.32 � 106

Tar from biomass gasification H2O BASF G1-50 1003–1123 40 23,460 [65]
ICI 46-1 40 23,100

Tar from biomass gasification Air Calcined dolomites 1053–1193 100 ± 20 1.2–1.5 � 106 [66]
Tar from pine sawdust gasification Air + H2O Nickel based of Z409R 923–1123 51 14,476 [67]

a Units for k0,app mol 0.1 m�0.3 s�l. Reaction order with respect to naphthalene 1.3, H2 �0.4 and H2O 0.2.
b Units for k0,app m1.5 mol s�l. Reaction order with respect to naphthalene 1, and H2 0.5.
c Units for k0,app m1.5 mol s�l.
d Units for k0,app m1.5 mol�0.5 s�l. Reaction order with respect toluene 1, and gas mixture 0.5.
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method inside a second reactor. Thermal degradation of tar in a
secondary gasification unit called Turboplasma� was modelled
using a kinetic model, where the plasma gas was air heated to tem-
peratures up to 5000 K close to the torch. Tar was represented by
naphthalene and toluene, and a reaction pathway and its associ-
ated kinetics were provided. A total of eleven species were in-
volved in 15 reactions using a completely stirred tank reactor
(CSTR) model in order to only analyse the performance of the ki-
netic model. This pathway was based on the thermal cracking of
tar into soot and hydrogen, and on the reforming of naphthalene
and toluene into benzene and methane by water [69].

Other model used benzene, phenol, toluene and naphthalene as
tar model compounds to simulate the tar destruction under partial
oxidation conditions. Primary tars were produced in a pyrolysis
unit, and then sent to a tube reactor for tar decomposition by par-
tial oxidation. Fluid flow (k–e turbulence model), kinetics of homo-
geneous reactions and heat transfer (Discrete Ordinates model)
were included in the model. Steam reforming reactions were pro-
posed for toluene and phenol. Hydrocarbons were converted to CO
and H2O by oxidation. Naphthalene was also formed from phenol
pyrolysis and naphthalene reactions produced soot, benzene, CH4

and H2 [70]. A qualitative agreement was simply reported between
the predicted tar amounts and those measured experimentally.

6. Methods for tar modelling

Based on the literature available, existing methods for the mod-
elling of tar can be divided in single compound models, lumped
models and detailed kinetic models, which will be described in
more detail below.

6.1. Single compound models

Due to the identification of tar compounds from experimental
work, the most frequent individual tar species studied experimen-
tally and as tar model compounds are: acetol, acetic acid and gua-
iacols (primary tars); phenols, cresols and toluene (secondary
tars); and naphthalene (tertiary tar).

Naphthalene was studied under pyrolysis conditions in a hydro-
gen and steam environment. The main products from naphthalene
cracking were benzene, methane and C2 hydrocarbons (mainly eth-
ane); whilst minor products were indene, dihydro-naphthalene
and toluene. Soot was produced, and at temperatures higher than
1373 K, CO and CO2 originated from further cracking of soot and
hydrocarbons [58].

Toluene was chosen as tar model because it is a stable aromatic
compound formed during pyrolysis. A thermodynamic model was
developed for biomass pyrolysis, and constrains on carbon were
imposed for allowing toluene to produce other thermodynamically
unstable hydrocarbons, such benzene, styrene, phenol and naph-
thalene. However, benzene and naphthalene were the only aro-
matic hydrocarbons produced [71].

Phenol was used as tar model compound for air-blown biomass
fluidised bed gasification since phenol is known as a primary pyro-
lysis product [72]. Phenol cracking reactions involved the genera-
tion of naphthalene and benzene, as well as the decomposition of
phenol, naphthalene and benzene to non-condensable gases and
water.

Additionally, naphthalene formation was proposed from a ser-
ies of two reactions [9]; first gravimetric tar was converted to
intermediate compounds such as phenols (A = 1 � 104 s�1, and
EA = 136 kJ mol�1), then naphthalene was formed (A = 1 � 107 s�1,
and EA = 100 kJ/mol). More tar model compounds were already dis-
cussed in Sections 5.1 and 5.2. Table 4 shows some tar model com-
pounds that have been used to better understand tar destruction.

6.2. Lumped models

In order to simplify the simulation of a bubbling fluidised bed
gasifier, tar conversion has been modelled assuming that all tar
compounds constitute a single lump. For miscanthus and wood
pellets gasification, the kinetic parameters derived from TG-FTIR
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analyses were used for the flash pyrolysis step, which included the
tar production; then, tar underwent a single decomposition step,
according to the following reaction: CxHyOz ? zCO + 1=4yCH4 + (x –
y – 1=4y)C, where CxHyOz represented tar [73]. The model and exper-
imental data showed better agreement for NH3 and light hydrocar-
bons than for H2, CO and CO2. The variations were attributed to
unknown pyrolysis yields for H2 and the use of a simple tar-crack-
ing model.

Biomass gasification has been modelled assuming the primary
pyrolysis of biomass as a first reaction, which produced CO, CO2,
H2, CH4, H2O, N2 and tar. In order to balance the equation, the tar
formula was established as CH1.522O0.0228, which then experienced
further secondary pyrolysis or tar cracking, and tar combustion
according to [74]:

CH1:522O0:0228 þ 0:867O2 ! COþ 0:761H2O ð7Þ

Similarly, a generalised biomass gasification reaction was presented
to account for the tar formation as followed:

CHxOyNzþwH2OþmðO2 þ 3:76N2Þ
! nH2COþ nCOCO2 þ nH2H2 þ nCH4CH4 þ H2OH2O
þ ðz=2þ 3:76mÞN2 þ ntarCHpOq ð8Þ

where CHpOq was represented by the formula CH1.003O0.33, and as
input parameter the maximum tar yield of 4.5% (mass percentage)
was fixed on the model based on previous experimental tar mea-
surements [75].

Since most works have grouped all tar compounds as a single
unit, an improved kinetic model was developed to treat tar as com-
posed of six lumps. Each lump consisted of tar species with similar
chemical structure. The six lumps considered were: (i) benzene, (ii)
one-ring compounds (except benzene), (iii) naphthalene, (iv) two-
ring compounds (except naphthalene), (v) three- and four-ring
compounds, and (vi) phenolic compounds [76]. Based on the
experimental work on the evolution of tar composition, a set of
six kinetic equations with eleven different kinetic constants was
presented. Reactivity rates were evaluated and it was found that
phenolic compounds were the most reactive (296 mg destroyed/
kg of catalyst/h), and naphthalene was the hardest compound to
be destroyed (33.1 mg destroyed/kg of catalyst/h). The kinetic
equations fitted well with the experimental results. Nevertheless,
the experimental data were obtained using the solid-phase adsorp-
tion method for tar sampling. Heavy tars (compounds with high
molecular weight) are not trapped by this sampling method; there-
fore, the developed kinetic model has the same limitations. This
shows that care should be taken when using tar models which em-
ployed experimental data with selected tar compounds. Especially
when heavy tar compounds are neglected since these compounds
might condense even at high temperatures and low
concentrations.

For the modelling of high temperature steam gasification of
woody biomass, the tar composition was calculated as a mixture
of acetol, toluene and naphthalene [77]. The pyrolysis reaction
was described as:

Biomass! a1Charþa2Tarþa3H2þa4COþa5CO2þa6CH4þa7C2H4

ð9Þ

The pyrolysis product yields were taken from experimental pyroly-
sis work, up to a temperature of 1173 K. Eleven reactions, which in-
cluded the evolution of the three tar compounds, were considered.
It was found that tar concentration from steam gasification was
higher than from air or oxygen-blown gasification [77,78]. The
numerical analysis over predicted CH4 and under predicted H2.

A model for biomass gasification in a dual fluidized bed (DFB)
reactor was presented [79]. Correlations determined from experi-
ments and detailed tar analyses at reactor temperatures between
973 and 1273 K and for average particles heating rates between
293 and 313 K/s were used. The correlations provided the mass
yields of pyrolysis products, including main permanent gases
(CO, H2, CO2, CH4, C2H4, and C2H6), water, and ten tars species. In
order to simplify the model, the ten tars species were grouped into
four lumps: (a) benzene (benzene), (b) phenol (phenol and cresols),
(c) toluene (toluene, o-xylene and indene), and (d) naphthalene
(naphthalene, 1 + 2methylnaphthalene, acenaphthylene and phen-
anthrene). The simulation results were in good agreement with
experiments since the pyrolysis correlations were obtained from
the same experimental test facilities.

6.3. Detailed kinetic models

Detailed kinetic models have been developed, which involve
reaction mechanisms comprising hundreds of elementary step-like
reactions, in order to provide a more accurate description of the
gas-phase reactions concerning aromatic growth [80].

With the aim of predicting lignin devolatilisation from TGA
pyrolysis experiments, a ‘‘semi-detailed’’ kinetic mechanism was
proposed. The model used three reference lignin units to repre-
sent the initial lignin structure, 100 molecular and radical species
were involved in the mechanism, and the mass balances included
the net rate of formation. Experimental TGA literature data from a
variety of pyrolysed lignins were compared to the model predic-
tions [20]. The model results agreed with the experimental ther-
mal degradation of lignins, only the total mass loss at low
pyrolysis temperatures was underestimated at isothermal
devolatilisation.

A semi-detailed chemical reaction mechanism for toluene refer-
ence fuels was developed, which incorporated 137 species and 633
reactions. The model included a detailed reaction mechanism for
toluene and mechanisms for the combustion of the primary refer-
ence fuels: iso-octane (2,2,4-trimethylpentane) and n-heptane
[81]. One initiation reaction was the oxidation of toluene to pro-
duce benzyl ion. The aim for this model was to evaluate if using
mixtures of toluene with primary reference fuels could emulate
real gasoline. The model was compared against shock tube ignition
delay experimental data for toluene and real gasoline; it was
shown better prediction of the temperature dependence at the
leanest fuel–air ratio of 0.25, and in perfectly stirred reactor
conditions.

A detailed chemical kinetic model, to simulate the gas-phase
reactions in chemical vapour deposition of carbon from ethylene,
acetylene, and propylene, was developed [82]. The gas-phase reac-
tion mechanism involved 227 species and 827 elementary reac-
tions, 798 of which were reversible. Experimental data from a
conventional flow reactor were used to validate the model. Acety-
lene was assumed to be firstly consumed by dimerization to form
vinylacetylene, and secondly by diacetylene formation. Combina-
tion of acetylene and vinylacetylene contributed to the acetylene
consumption and benzene formation. PAH formation was under-
predicted, and the deviations were mostly greater as the molecular
size of the PAH increased. An improved version for the pyrolysis of
ethylene, acetylene, and propylene was presented, and the detailed
kinetic model comprised the formation of PAHs up to coronene
[80]. The upgraded mechanism consisted of 241 species and 902
elementary step-like reactions. For acetylene pyrolysis, acetylene
was proposed to react with methyl radical to form 2-methylvinyl
radical, which converted into allyl radical by isomerization. The
best improvement in this model was the addition of reactions
among cyclopentadienyl, indenyl, and benz[f]indenyl radicals to
form benz[a]anthracene and chrysene.

The steam reforming of aromatic hydrocarbons was modelled
using a detailed chemical kinetic model [83]. The model results
were validated with previous experimental data from the thermal
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conversion of naphthalene, benzene, and toluene [58]. The reaction
mechanism comprised 257 chemical species, from hydrogen radi-
cals to coronene, and 2216 reactions. Comparisons of the experi-
mental data with the model showed good agreement, especially
for the conversion trends of the three aromatic hydrocarbons and
the yield of major products, such as methane and benzene. How-
ever, soot was under predicted and C2 hydrocarbons overpredicted.
There were two major proposed pathways for the conversion of
naphthalene. The first was the decomposition into smaller species,
from naphthalene reaction with OH radical to form napththol,
through indenyl and indene formation, up to vinylacetylene, tolu-
ene and benzene formation. The second was the combination of
naphthalene and naphthyl radical to form perylene, which further
grew into coronene in a step-wise mode via benzo[ghi]perylene
through the HACA mechanism.

A detailed chemical kinetic model was applied for the gas-phase
reactions involved in the secondary pyrolysis of cellulose; the ele-
mentary reactions were compiled and then estimated using the
automatic reaction generating software (RMG) [84]. The kinetic
model comprised more than 500 species and more than 8000 reac-
tions. The numerical results were compared with data from a two-
stage tubular reactor used for cellulose pyrolysis. Both approaches
agreed in the prediction of inorganic gases, acetylene and acetic
acid; however, the trends for propylene and propane were incor-
rectly predicted at 973 K. Agreement regarding minor products
such as acetaldehyde, acetone, hydroxyl acetone, furan, benzene,
and toluene were fair; whilst predictions for methanol and C3

hydrocarbons needed improvement. The possible reaction path-
ways leading to benzene were identified. Two dominating routes
were suggested: the first was the decomposition of toluene, and
the second was from C3 hydrocarbons such as propadiene and
propyne.

In summary, tars are normally modelled as a ‘‘lump’’ or by using
the most stable components such as toluene, benzene and naph-
thalene; however, these species are known to appear as secondary
and/or tertiary tars and the mechanisms and kinetics of their for-
mation are often omitted. On the other hand, a detailed kinetic
model that includes hundreds of species becomes a complex prob-
lem when being incorporated to simulate the conversion of bio-
mass inside the gasifier. Therefore, a mechanism that could
describe the formation of tars while maintaining a minimum num-
ber of tar species represents a more practical solution for tar sim-
ulation during biomass gasification.
7. Conclusions

A review of the background on tar evolution, main tar precur-
sors and models that simulate tar formation and evolution was
presented. A classification of tar compounds based on the evolu-
tion of tar according to temperature increments divides them into
primary, secondary and tertiary tars. The most frequent individual
tar species studied experimentally and as model tars are acetol,
acetic acid and guaiacols (primary tars), phenols, cresols and tolu-
ene (secondary tars), and naphthalene (tertiary tar). Tars are typi-
cally modelled as a ‘‘lump’’ or using the most stable components;
however, these species mostly appear as secondary and/or tertiary
tars and their mechanisms and kinetics of formation are often ig-
nored. A compromise between a kinetic model, that contains as
much tar species as possible to represent lignin devolatilisation,
and a mechanism, that could describe the formation of tars with
minimum reactions, seems a better solution for tar simulation dur-
ing biomass gasification. Among the mechanisms found for the
PAH growth, the HACA route only is feasible at temperatures great-
er than 1173 K, wherein acetylene is more abundant. This review is
taken as the framework to propose a mechanism for tar formation
and evolution, which is then incorporated in a kinetic model of a
fluidised bed gasifier [85].
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