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1. INTRODUCTION

Exponential population growth, increasing energy demand, and

climate changes worldwide, caused mainly by greenhouse effect,
are raising the real interest in exploitation of renewable sources

of energy. Because of their almost negligible effect on
atmospheric CO, concentrations and their more uniform
distribution than fossil sources, biomasses are interesting
options to answer the energy demand. Biomass comprises a
broad range of different types of biomaterials, such as wood,
forest and agricultural residues, waste from wood and food
industry, algae, energy grasses, straw, bagasse, sewage sludge,

etc. The use of different types of biomass results in different
challenges and solutions™ for transportation, storage, and

feeding, and finally for converting biomasses into more useful
chemicals or substitutes for fossil fuels. *~ Interesting and widely

available biomasses sources are wood and agricultural residues,
which are usually solid, spread through the territory, generally
with a high content of oxygen and moisture, reducing the
heating value and increasing the transportation costs. Thus,
biomass pretreatments are usually required for successive
thermochemical conversion processes of biomasses.

Many researchers are directing efforts on mathematical
modeling, creating tools for designing and simulating reactors
and for analyzing their performances, pollutant emissions,
products formation, and helping the determination of optimal
operating parameters for large-scale reactors.

The kinetic modeling of thermochemical conversion of
biomasses, such as pyrolysis, gasification, and combustion, is a
very complex multicomponent, multiphase, and multiscale
problem. The strong interactions between chemical kinetics
and heat- and mass-transfer processes involved in the thermal

degradation of biomasses makes the mathematical modeling
difficult.®> These models must focus on four different facets of
the overall problem and require at least the following features:

e characterization of the biomass;

e solid phase kinetic scheme of the pyrolysis or
devolatilization process;

e gas—solid kinetic scheme of char gasification and
combustion; and

® gas phase kinetic scheme of the secondary reactions of
gas and tar species.

As already mentioned, pyrolysis is one of the most important
methods to convert biomass to biofuel or pyrolysis oil, which is
not only a liquid energy carrier, but also a possible general
source of chemicals. Moreover, pyrolysis is also the first step in
gasification and combustion processes. Therefore, the pyrolysis
products have attracted great analytical interest. Gas
chromatography coupled with flame ionization detection
(GC-FID) and two-dimensional gas chromatography coupled
with time-of-flight mass spectrometry (GCXGC_TOFMS)
techniques are widely used. The GC-FID allows quantifying
the composition, while the GCXGC_TOFMS is used for the
qualitative analysis of the biofuel. In this way, more than several
hundred compounds were detected and identified, thus
describing ~80% of the pyrolysis oils.*”® In a parallel way,
the biomass pyrolysis has been also studied with tunable
synchrotron vacuum ultraviolet photoionization mass spec-



trometry (SVUV-PIMS), which performs very well in product
analyses. The application of SVUV-PIMS in biomass pyrolysis
allows one to describe very useful time-dependent data to
better understand the kinetic mechanisms underlying biomass
pyrolysis.”

All these analytical efforts assist in a better understanding of
the effect of pyrolysis conditions and biomass type. Thus, since
biomasses are complex mixtures of a huge number of different

compounds, the first necessary step is an efficient character-
ization of the biomass composition, in terms of a limited number

of reference species. Often, characterization methods simply
refer to cellulose, hemicellulose, and lignin compo-nents.®*?

The main goal of this work is to extend the validity range of
the previous biomass characterization method by analyzing and
including extractive species as new reference components,
enlarging, in this way, the applicability of the proposed
approach.'® Therefore, the paper is organized in the following
way. Section 2 discusses the biomass composition, emphasizing
the attention toward the presence and importance of extractive
components. Sections 3 and 4 illustrate how the new reference
species allow one to extend the applicability of biomass
characterization method. Section S discusses the new and
upgraded multistep kinetic model of biomass pyrolysis. Finally,
Section 6 shows some examples of comparisons between
experimental data and model predictions. Section 7 provides a
conclusion and summarizes the research.

2. BIOMASS ANALYSIS AND COMPOSITION

Ligno-cellulosic biomasses are mainly composed of macro-
molecular substances, cellulose, hemicellulose, and lignin,
together with smaller amounts of organic extractives and
inorganic species that form the ashes. Biomass has a porous
structure where cellulose represents an important structural
element surrounded by other substances that act as matrix
(hemicellulose) and encrusting (lignin) materials. Moisture is
also present in biomass and can be found as hygroscopic water
(mainly hydrogen bonded to the hydroxyl groups of cellulose
and hemicellulose), capillary water (in liquid form in the lumens
of biomass), and water vapor found in the gas phase."® Biomass
offers important advantages as a combustion feed-stock, because
of the high volatility of the fuel and the high reactivity of both
the fuel and the resulting char. In comparison with coal, biomass
contains much less carbon, more oxygen, higher moisture
content, and has a lower density and a lower heating value. The
usual methods of biomass analysis are given in Table 1,"* while
Table 2 reports a sample of typical biomass compositions. ">

Biomasses are primarily composed of elemental C, H, and O,
with a smaller amount of N, and traces of S and Cl. C and H
give a positive contribution, while O reduces the heating value.
Several correlations between the heating value and C, H and N
are proposed in the literature.'*

The standard methods used for the ultimate elemental
analysis are well-known. However, particular attention must be
paid to the moisture present in the sample. The possible
presence of residual water on the dried biomass sample can
result in the overestimation of hydrogen and oxygen content.
As already discussed elsewhere,'® the ultimate analysis requires
expensive equipment and trained analysts, while the proximate
analysis is simpler and only requires standard laboratory
equipment. For this reason, a few correlations for calculating

Table 1. Methods of Biomass Fuel Analyses”

property analytical method(s)
heating value ASTM D2015, E871
particle size distribution =~ ASTM E828
Proximate Composition
moisture ASTM E871
ash ASTM D1102 (873 K), ASTM E830 (848 K)

volatile matter ASTM E 872, ASTM E897

fixed carbon by difference
Ultimate Elemental
Analysis
carbon, hydrogen ASTM E777
nitrogen ASTM E778
sulfur ASTM E775
chlorine ASTM E776
oxygen by difference

elemental ash ASTM D3682, ASTM D2795, ASTM D4278,

AOAC 14.7
“After Demirbas.'*

the elemental composition based on proximate analysis of
biomass are available in the literature.'”

A more complete biomass analysis would require measuring
structural carbohydrates (glucose, xylose, galactose, arabinose,
and mannose), lignin, extractable materials, protein, and ash.
Compared to elemental analysis, these analytical methods are
more complex and involve thermal, chemical, and/or enzymatic
separations, which could also give rise to some degradation of
the original biomass. Despite several research efforts in this
direction,'® this information is not frequently available. Data
reporting both elementary and biochemical or structural
compositions for the same biomass sample are not easily
available. This lack of information creates difficulties to
characterize biomasses for modeling purposes.

Cellulose, hemicellulose, and lignins are the major
components usually constituting the largest portion of the
biomass.

Cellulose is a long-chain polymer built by monomeric units
of a six-carbon sugar, glucose, bonded through 1,4-$-glycosidic
bonds. The chains are kept together by hydrogen bonds, which
confer to the polymer an almost fully crystalline structure with
few amorphous zones. It is the most present structural
component in biomasses, ranging from 20% to 60% of the
total mass (dry).

Hemicellulose is a second structural polymer; it is a mixture
of sugars (hexoses and pentoses), mainly xylose, mannose,
galactose, and arabinose. Different from cellulose, it has a
shorter chain and a much more amorphous structure, because
of its irregular composition and the branches present on the
chain. It is present in biomasses in amounts ranging from 10%
to 40% (dry), rarely in quantities greater than cellulose. It is
also common to refer to the combination of cellulose and
hemicellulose as “holocellulose”.

Lignin is a racemic polymer composed by monomeric units
of aromatic alcohols (coniferyl, sinapyl, and p-coumaryl
alcohol), whose composition changes widely inside the entire
range of biomasses, making its characterization a hard task to
accomplish. It is present in biomasses in amounts ranging from
15% to 45%.



Table 2. Typical Compositions for a Range of Biomass Types”

Proximate Analysis

Ultimate Analysis

biomass moisture volatile matter, VM fixed carbon, FC
wood pine chips 4.00 81.30 14.60
willow, SRC 6.96 75.70 16.31
Miscanthus giganteus 14.20 70.40 14.10
switchgrass 7.17 73.05 15.16
wheat straw 7.78 68.83 17.09
rice husks 9.40 74.00 13.20
palm PKE 7.60 72.12 16.18
sugar cane bagasse 10.40 76.70 14.70
olive residue 6.40 65.13 19.27
cow dung 13.90 60.50 11.90
lignin 9.00 73.50 1.50

?After Williams et al."
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Figure 1. Reference species representing cellulose, hemicellulose, and lignins.

3. REFERENCE COMPONENTS AND
CHARACTERIZATION METHOD

A very large set of more than 600 biomass samples have been
collected from the databases available in the literature."*>*
These data, in terms of their elemental and structural analysis
have been organized and merged into a single database reported
in the Supporting Information. The structural analysis, in terms
of cellulose, hemicellulose, and lignin, is only available in <20%
of the overall set of the biomass samples.

It is the usual practice to characterize the biomass in terms of
the reference components: cellulose, hemicellulose, and
1ignin.8_12 In particular, the approach previously proposed10 and
applied assumes the glucose monomer (with the subtraction
of H,O from the intramonomeric bonds) as the

reference component (CELL) representing the cellulose
polymer, (C4H,,Os),. Similarly, the xylose monomer,
(CsH30,), (again with the subtraction of H,O from the
intramonomeric bonds) is the reference component represent-
ing hemicellulose (HCELL). Because of its irregular structure,
lignin can be characterized with three reference components:
LIGC, LIGH, and LIGO (richer in C, H, and O, respectively).
This allowed the characterization of a variety of different lignins
found in angiosperm and gymnosperm biomasses.”’ Biomass
pyrolysis products are assumed to be the linear combination of
the pyrolysis products of the reference components. When no
direct information is available on the cellulose, hemicellulose
and lignin contents, the method proposed in previous papers



characterizes the biomass feedstock on the basis of its elemental
H/C/O composition.lo’24

Figure 1 shows the structure of the reference species:
cellulose, hemicellulose, and the three different ty}ées of lignins.
These reference species are reported in the H/C diagram in
Figure 2, together with three reference mixtures (RM-1, RM-2,
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Figure 2. Biomass characterization. H% vs C% plot of biomass
samples, along with their reference species (daf basis).

and RM-3), defined by three splitting parameters (o, f, and y).
a defines the molar ratio of 60% cellulose and 40%
hemicellulose contained in RM1. f and y define the two
mixtures RM-2 and RM-3 of the different lignins (80% LIG-O
and 20% LIG-C, and 80% LIG-H and 20% LIG-C,
respectively). These parameters are the degree of freedom of
this characterization procedure, which allow one to reduce the
five reference species into three mixtures. Any feedstock is then
considered as a linear combination of those three reference
mixtures, in order to respect the given H/C/O elemental
composition. The cellulose/hemicellulose ratio is assumed to
be equal 1.5 as a default and most probable ratio. Of course, it
can be modified when different experimental data are available.
Therefore, the default splitting parameter a (cellulose/
holocellulose ratio) becomes 0.6. Similarly, # and y (or the
two-lignin mixtures) can be modified to allow the character-
ization of biomass samples with higher, or lower, hydrogen
contents.

As an example, the almond shell”> with elemental
composition H/C/O = 0.060/0.500/0.440 on a dry and ash-
free (daf) basis is characterized by the following mass
composition:

CELL = 0.4314 HCELL = 0.2344

LIGH = 0.1529 LIGO = 0.1376  LIGC = 0.0437

The values reported above are obtained by using the default
splitting parameters: a/f/y = 0.6/0.8/0.8.

With the same splitting parameters, the softwood bark® with
H/C/O = 0.06/0.534/0.406 is characterized by the following
mass composition:

CELL = 0.2936 HCELL = 0.1595

LIGH = 0.2934 LIGO = 0.1822 LIGC = 0.0713

A multistep kinetic scheme for the pyrolysis of cellulose,
hemicellulose, and the three lignins describes the formation of
volatiles and residual char. It involves 20 real and/or equivalent

and lumped species."® The product composition provided by
this kinetic scheme was already validated with several
experimental data obtained from pyrolysis of small and thick
biomass particles.”* The limits of this characterization method
and kinetic scheme is that extractives and catalytic effects of
ashes are not considered. Further details on this approach were
already reported in the previously referred papers.

The marks shown in Figure 2 represent the biomass data
reported in the Supporting Information. It is evident from this
figure that several biomass samples fall within the triangles
bounded by the reference components (RM), here obtained
with the default splitting parameters. Samples which fall within
the shadow area can be described as a linear combination of the
three RMs (which means as a combination of the five reference
components). In contrast, there are several biomass samples
whose compositions fall outside this area and thus cannot be
represented by a feasible combination of the reference
components. These biomasses are generally rich in extractives,
as reported in Table 3 for a few samples.

Table 3. Biomass Samples Rich in Extractives

sample ref C H (¢) extractives  solvent(s)
hybrid 19 5092 565 4343 6.89 ethanol
poplar

switchgrass 19 50.19 S.64 4417 16.99 ethanol

olive husks 26 54.89 6.96 38.15 9.40 alcohol,
benzene
(1/1, v/v)

pinewood 26 4900 640  44.60 14.90 ethanol,
water,
hexane

4. EXTRACTIVES AND EXTENDED BIOMASS
CHARACTERIZATION METHOD

Previous considerations partially highlight the importance of

extractive species. Wood plants are usually classified as
angiosperm or hardwood and gymnosperm or softwood.

Angiosgerms are the wood plants that produce flowers and
fruits. Gymnosperms are the plants that produce naked seeds.
Usually, cellulose, hemicellulose, and lignin account for more
than 90% of the entire biomass; thus, extractives are usually
<10%. Thousands of different extractives can be identified and
they present a great variety of composition, structure, and
biological functions, also depending on the different seasons.

They are also distributed in different ways among the organs of
the " plant, being more abundant in leaves and barks.

Gymnosperms generally are richer in extractives, which can
even reach more than 20% in bark samples. Because of the large
variety of extractive species, it is necessary to drastically simplify
the complexity of the overall system. Therefore, the objective is
to identify the most common and widely present group of
extractive molecules and to define a couple of lumped species
that are reasonably representative of these species. Water
solubility is a simple and useful way to classify extractive
components. Hydrophilic extractives are the soluble molecules
in high-polarity solvents, such as ethanol and water, while
hydrophobic extractives are only soluble in low-polarity
solvents, such as hexane and ether.

Softwood plants contain hydrophobic extractives or resins
that can reach up to 15% of the total sample mass. Oleo-resins,
which are composed of terpenes and fatty acids (free or

esterified), are the most abundant. Hardwood samples, with
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Figure 3. Reference species to represent hydrophobic and hydrophilic extractive components.

extractives (usually <2%), mostly contain wood-resin and are
mainly constituted by fatty acids. Triglycerides, with a high
presence of linoleic acid, are the most common hydrophobic
extractives; these are found in many different plant sources. On
this basis, we selected a new reference component (TGL:
Cs7H,4005), with a very high C and H content, to represent
hydrophobic extractives.

Hydrophilic extractives are typically phenolic compounds with
antioxidant properties, thereby serving a protective role in
plants, and they are mainly present in the external organs (bark

and leaves). They can be sorted into flavonoids and

nonflavonoids, the second group being the most abundant and
including phenolic acids and tannins. In particular, during the

plant aging process, the condensed tannins are the result of

flavonoids polymerization.

Condensed tannins contain complex chemical structures of
polyphenolic compounds that have higher reactivity toward
formaldehyde than phenol. Tannin species, because of their
structure, are interesting in applications as adhesives and
substitutes for phenol in phenol-formaldehyde resins. Most
common commercial tannin species mainly come from the bark
of mimosa, quebracho, pine, and eucalyptus.”” In order to
describe these phenolic species, we introduced a new lumped
reference component (TANN, C;H,,0,), with a low H
content, which is well-represented by a polymer
of gallocatechin.

Figures 1 and 3 show the structures of the seven reference
species considered here to describe the pyrolysis behavior of the

different biomasses. Figure 4 shows how the new species,
representative of extractives in terms of resin (TGL) and tannin

(TANN) species, allows a significant extension of the
characterization method. The procedure is the same reported for
the previous model, based on the atomic H/C/O balances.
While the reference species RM-1 remains a proper average of
cellulose and hemicellulose, the reference lignin mixtures (RM-2
and RM-3) become more flexible and they can move toward the
reference species TGL or TANN, depending on the biomass
composition, including, in this way, most of the biomass
samples. Biomass samples contained in the shadowed area of
Figure 2 are characterized by using the reference mixtures RM

obtained with the default a/f/y splitting
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Figure 4. Extended biomass characterization. H% vs C% plot of
biomass samples along with their reference species (daf basis).

parameters. As shown in Figure 4, for biomass rich in
hydrogen, the amount of TGL progressively increases in the
RM-2 mixtures. Similarly, for biomass with low hydrogen
content, the reference mixture RM-3 increases its content of the
reference component of tannin species (TANN).

As an example, the hybrid poplar19 with an elemental
composition (on a daf basis) of H/C/O = 0.0565/0.5092/
0.4343, outside the applicability range of the previous model, is
now characterized including 20% TANN in RM-3. Thus, the
splitting parameters become a/f/y/d/e = 0.6/0.8/0.8/1/0.8,
where the value & = 0.8 means that 80% of lignins (LIGO and
LIGC) and 20% of TANN are combined to define RM-3. In this
way, the biomass with low H content also enters into the
characterization region. The solution of the linear system of H/
C/O balance equations gives the following mass composition of
the reference mixtures:

RM-1 = 0.5597 RM-2 = 0.0020 RM-3 = 0.4384
The amount of the reference mixture RM-2 is very low,

because of the low hydrogen content. Thus, these biomass
results are mostly split between RM-1 and RM-3. From these



values and the splitting parameters, the following mass
composition for the seven reference species is obtained:

CELL = 0.3627 HCELL = 0.1970
LIGH = 0.0017 LIGO = 0.3181
TGL = 0.0000 TANN = 0.0716

Similarly, the olive husks?® with H/C/O = 0.0696/0.5489/
0.3815 are characterized by the following mass composition:

CELL = 0.3484 HCELL = 0.1892
LIGH = 0.2474 LIGO = 0.0170
TGL = 0.1589 TANN = 0.0000

LIGC = 0.0489

LIGC = 0.0392

These values are obtained by using the splitting parameters: o/
P/y/6/e =0.6/0.8/0.8/0.8/1. The value § = 0.8 means that 80%
of lignins (LIGH and LIGC) and 20% of TGL are combined to
obtain RM-2, and this condition allows this biomass with high H
content to enter the characterization region.

While the default values of a/f/y remain unchanged, the
splitting parameters 0 and & are progressively reduced,
increasing in this way the extractive content, in order to respect
a feasible composition (i.e.,, non-negative values for all the seven
reference components).

As a result of this extension, all the biomasses contained in the
shadow area can be described as a linear combination of the
seven reference components. In this way, the characterization
procedure is able to process more than 90% of the ligno-
cellulosic biomasses. Moreover, because of the limited amount
of extractives, the characterization is only partially changed for
the biomass samples previously described with only five original
reference components.

The new biomass characterization method, with seven
reference components, involves five degrees of freedom. It is
then possible to select the three reference mixtures by properly
changing not only the previous three splitting parameters (a, f3,
and y) but also the relative content of tannin and triglyceride
species in RM-2 and RM-3 mixtures (& and ¢). For this purpose,
a nonlinear regression method*®* was applied in order to
determine the optimal splitting parameters as a function of the
H and C content of the biomass sample. Optimal parameters
were obtained by minimizing the deviations between the
predicted and experimental composi-tion, in terms of cellulose,
hemicellulose, lignin, and extractives. Namely, three different
sets of optimal splitting parameters are obtained by considering
the entire set of biomasses (OPT1), the subset of wood samples
(OPT2), and the grass/cereal samples (OPT3).

Details on this optimization process and obtained results are
reported in the Supporting Information, but it is relevant to
remark that the optimal splitting parameters are not very

different from the previously suggested ones and (as discussed in
Section 4) their effect on biomasss pyrolysis is very limited.

4.1. Parity Diagrams of Structural Components. In
order to verify the reliability and the uncertainty of the
characterization method, Figure 5 reports the parity diagrams of
the calculated and experimental composition of the biomass
reported in the Supporting Information whose structural
composition was determined experimentally. To perform this
analysis, both experimental and predicted values were organized
into cellulose, hemicellulose, lignin, and extractives. For the
model predictions, lignin represents the sum of LIGH, LIGC,
and LIGO, while the extractives are the sum of TGL and
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Figure S. Parity diagrams of experimental and predicted biomass
composition in terms of cellulose, hemicellulose, lignin, and
extractives.

TANN. The complete comparisons between model predictions
and experimental data are reported in the Supporting
Information. Figure S distinguishes the biomass families, in
terms of hardwood, softwood, grass, and cereals. Relevant
differences exist between the compositions of wood and grass/
cereal samples. Namely, wood plants have higher cellulose/
hemicellulose ratios, while extractives are more abundant in
grass plants. Table 4 reports the corresponding average and

Table 4. Mean Square and Average Deviations of Cellulose,
Hemicellulose, Lignins, and Extractives

cellulose  hemicellulose lignin extractives
Extended Characterization (96 Biomass Samples)
experimental average 0.4045 0.2521 0.2366 0.1068
calculated average 0.4101 0.2603 02322 0.0974
average deviation —0.0057 —0.0087 0.0051 0.0093
mean square deviation  0.0017 0.0018 0.0014 0.0025
Previous Characterization, without Extractives (42 Biomass Samples)
experimental average 0.4094 0.2466 0.2470 0.0969
calculated average 0.3691 0.2406 0.3902 0.
average deviation 0.0403 0.0060 —0.1432 0.0969
mean square deviation  0.0719 0.0572 0.1548
Sheng and Azevedo Characterization™ (73 Biomass Samples)
experimental average 0.4031 0.2394 0.2567 0.1008
calculated average 0.3749 0.3587 0.2665 0.
average deviation 0.0329 —0.1188 —0.0155 0.1008
mean square deviation  0.0545 0.1448 0.0760

standard deviations. The mean square deviations can be at least
partially explained by considering, on one hand, the strong
simplifications in the selection of reference species, but on the
other hand, also the large variety of analytical methods for the
determination of structural and biochemical composition, as
well as the different uncertainties of the experimental
information. It is also important to highlight that predicted
extractives are the sum of two reference components, tannins
and triglycerides, whose compositions are very different.



TGA and DTG of Condensed Tannins
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Figure 6. TGA and DTGA of condensed tannins samples heated at a rate of 10 K/min (model predictions (lines) and experimental data (symbols)).

Experimental data with a distinction between these two classes
of components would be useful to improve the characterization
method and to reduce the large scatter of extractives.

The average content of extractive species inside these biomass
samples is ~10%. Therefore, despite the persisting deviation,
there is a clear improvement when the mean square deviations
of predicted values are compared with the original and extended
model. Only 42 biomass samples whose biochemical
compositions are known can be characterized by the previous
model (see Figure 1). In particular, there is a large
overestimation (~14%) of the lignins and an underestimation of
~4% cellulose. This result is mainly due to the chemical
similarity of LIGO and condensed tannins. Table 4 also
compares these characterization methods with the method
proposed by Sheng and Azevedo.”® This characterization
method was applied using the CPD model,®' when biochemical
composition was not available.>> The mass fractions of cellulose
and lignin are evaluated as a function of the ratios of oxygen and
hydrogen to carbon (O/C and H/C, respectively) in biomass
and the volatile matter (VM). Then, it is necessary to have both
proximate and ultimate elemental analysis for each biomass. As a
consequence, only 73 biomass samples are considered here. The
analysis of Table 4 clearly highlights the great improvements of
the proposed extended characterization method, when
compared with the other two.

5. MULTISTEP KINETIC SCHEME OF BIOMASS
PYROLYSIS

As already mentioned, biomass decomposition is treated as a
linear combination of the pyrolysis products of the reference
components: cellulose, hemicellulose, three lignins, and the two
extractive components.'’ Each component decomposes in-
dependently through a multistep, branched mechanism of first-
order, lumped reactions, producing intermediate solid species,
char, gases, tars, and adsorbed gases. The revised kinetic
mechanism of biomass pyrolysis (limited to the first five
components) is reported in ref 24. The rate expressions and
stoichiometries of these lumped reactions were originally

derived from experimental information'® and were upgraded
continuously, based on new experimental data and comparisons
across a wider range of experimental conditions.>>** In order to
analyze the biomass pyrolysis with the extended character-
ization method, it is first necessary to define the solid-phase
kinetics of the pyrolysis of the new reference species of
extractive components, extending, in this way, the multistep
kinetic scheme of biomass pyrolysis.

5.1. Condensed Tannins. The pyrolysis kinetics of the
TANN reference species was mainly based on several literature
works.””**™* Galletti et al.*” analyzed the pyrolysis of wine
condensed tannin samples, observing relevant amounts of
phenol and catechol species. Luo et al.*® observed a two-step
decomposition of condensed tannins, the first one at 250 °C and
the second with relatively lower rates of weight loss, with residue
weighing up to 40% at 700 °C.** Thermogravimetric analysis
(TGA) of Tunisian sumac root bark tannins heated at 10 °C/
min under nitrogen were studied by Mahmoud et al.*” Similarly,
Saad et al.*' studied the TGA curves of Aleppo pine, mimosa,
and quebracho tannins always heated at 10 °C/min under
nitrogen. Apart from the removal of the residual water, they

observed a first release of volatile species at temperatures
between 125 °C and 300 °C, and a second degradation step,

possibly coupled with relevant condensation and charification
reactions. Figure 6 shows a comparison between model
predictions and experimental data for some TGA of condensed
tannins reported in the previous referred works.
In agreement with the experiments, the proposed mechanism
is constituted by two reactions in series; it is reported in Table 5.
The first is a fission of the heterocyclic ring, with a geak of mass
loss at 280—310 °C, producing phenolic species and forming an
intermediate lumped species (ITANN: CoH4Og), which remains
in the metaplastic or solid phase. Then, a successive lumped
slow reaction occurs, releasing gases (by decarbonylation and
dehydration) and producing solid species, by reticulation and
charification processes (thus explaining the relatively high
amount of solid residue).
5.2. Resins and Triglycerides. The kinetic mechanism of
resins and triglycerides (TGL) is mainly based on experimental



Table 5. Lumped Reactions of Extractive Species (TANN
and TGL)

activation energy

reaction A [s7] [kcal/kmol]
TANN — FENOL + ITANN 50. 11 000
ITANN — SCHAR + 3CO + GCOH, 0.015 6100
+ 2H,0
TGL — acrolein + 3FFA 7 x 10" 45700

works related to the TGA of soybean and corn oils, which are
mixtures of triglycerides containing mostly unsaturated fatty
acids.*** Using the oil mixtures instead of a pure compound
allows the kinetic model of the lumped species TGL to better
behave as real biomasses. The pyrolysis of triglycerides releases
acrolein (C,H;CHO), together with two fatty acids and one
aldehyde.*>* By adding a water molecule to the lumped
reference species TGL, it is possible to simplify the lumped
kinetic model and TGL can release only acrolein and three free
fatty acids (FFA, C,gH;,0,). According to the experiments, the
complete TGL devolatilization, without significant residue, is
well-represented by single-step kinetics, as reported in Table 5.

Figure 7 reports a comparison between experimental
data*** and model predictions. With a heating rate of 10 K/
min, at ~350 °C acrolein is formed, together with FFA, which is
a lumped species representing a mixture of FFAs. Successive
secondary gas-phase reactions of FFA, here considered as a
linoleic acid, are already considered in the overall kinetic scheme
of gas-phase pyrolysis and oxidations of hydrocarbon and
oxygenated fuels.*”**

6. RESULTS AND VALIDATION OF THE BIOMASS
PYROLYSIS MODEL

The extended multistep kinetic scheme of biomass pyrolysis
involves seven reference components, and it is reported in the
Supporting Information. For biomass samples, whose compo-
sition was already described with the previous characterization
method, the inclusion of extractive reference species does not
modify the previous pyrolysis behavior. Figure 8 shows a couple
of comparisons between the model predictions and the
experiments for the pyrolysis of almond shell*’ and softwood
bark.”® The elemental composition and the predicted amount
of reference species, characterized with and without extractives,
are reported in Table 6. The elemental biomass compositions
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are also schematically reported in the inner C/H boxes of Figure
8, showing that both these biomasses are inside the triangle of
Figure 2. The differences between the predictions of the
previous and the extended model are very limited and well
within the deviations, with respect to the experimental data. The
DTG of the reference components are also reported, together
with the TG of almond shell, in order to better highlight their
thermal behavior.

Figure 9 shows a couple of comparisons between model
predictions and experiments of pyrolysis of oil palm shell*® and
wheat straw.”' Their elemental compositions are reported in
Table 6, together with the predicted biochemical composition,
including extractive species. As clearly shown in the inner C/H
diagrams, these biomasses are outside the previous character-
ization region; therefore, the previous method cannot be
applied. Again, the comparisons show reasonable agreement,
even if some major deviations are observed for the initial
decomposition of wheat straw.

6.1. Model Sensitivity to Characterization Parameters.
The extended characterization procedure involves five degrees of
freedom (a, f, 7, 6, and ¢). Figure 10 shows a parametric
sensitivity analysis to these feedstock characterization param-
eters. Experimental TGA of switchgrass®' is used to verify the

effect of the different predicted compositions, obtained with
different splitting parameters. As discussed in the Supporting

Information, three different sets of optimal splitting parameters
are obtained by considering the entire set of biomasses (OPT1),

the subset of wood samples (OPT2), and the grass/cereal
samples (OPT3). Table 6 shows the elemental composition
(dry and ash free, daf) and the predicted biochemical
composition, in terms of the relative amount of reference
components with the three different sets of parameters.
Predicted cellulose amounts range from 39% to 45%, 20%—29%
for hemicellulose, 16%—25% for lignins, and, finally, 6%—8% for

extractives. Despite these significant differences in the amount
of reference components, the four predicted devolatilization

behaviors remain very similar and agree reasonably well with the
experimental data. Moreover, uniformity and similarity is also
observed for the yields of released gas and tar species. This
shows that the pyrolysis behavior is not very sensitive to the
degrees of freedom chosen for the characterization procedure. It
is also relevant to highlight that the proposed method is
completely predictive,
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Figure 7. TGA and DTG of lumped species for resins (TGL) and natural vegetable oils, heated at 20 K/min (model predictions (lines) and

experimental data (symbols)).
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Figure 8. Pyrolysis of almond shell*’ (2 K/min) and softwood bark** (10 K/min). Comparisons between experimental data (points) and predictions
of the extended (solid line) and the previous characterization model (dashed line) are shown.

Table 6. Elemental Composition (Dry and Ash-Free) and Predicted Biochemical Composition of Biomass Samples Used in

Section 4

Elemental Analysis (daf wt %)

Reference Components (Mass Fraction)

characterization method C H (¢) CELL HCELL
almond shell

w/o extr. 0.509 0.061 0.430 0.384 0.25

with extr. OPT2 0.509 0.061 0.430 0.446 0.203
softwood bark

w/o extr. 0.534 0.060 0.406 0.278 0.181

with extr. OPT2 0.534 0.060 0.406 0.398 0.171
oil palm shell

with extr. OPT2 0.524 0.065 0.411 0.342 0.197
wheat straw

with extr. OPT1 0.493 0.057 0.450 0.371 0.234
switchgrass

w/o extr. 0.493 0.061 0.447 0.431 0.234

with extr. OPT3 0.493 0.061 0.447 0.450 0.203

with extr. OPT2 0.493 0.061 0.447 0.393 0.284

with extr. OPT1 0.493 0.061 0.447 0.388 0.287

simply requiring the ultimate analysis. Therefore, both the
rough assumption on the biomass composition, in terms of a
few reference components, and their lumped kinetics can justify
the observed deviations.

Finally, it is important to emphasize that, while this extension
of the multistep kinetic model of biomass pyrolysis allows the
treatment and description of the thermal behavior of a very
wide range of biomass samples, the kinetic model still is not
able to properly account for ash catalytic effects. It is indeed
well-known for several years that higher yields of bio-oil are
obtained from the fast pyrolysis of biomass feeds with a low ash

LIGH LIGO LIGC TGL TANN H,O0 ash
0.225 0.076 0.064 0 0
0.077 0.143 0.063 0.037 0.032 0 0
0.177 0.217 0.083 0.04 0.024
0.077 0.000 0.219 0.022 0.049 0.04 0.024
0.283 0.007 0.025 0.055 0.000 0.05 0.042
0.000 0.160 0.020 0.002 0.10S 0.09 0.019
0.145 0.083 0.034 0.028 0.045
0.048 0.168 0.000 0.032 0.026 0.028 0.045
0.004 0.151 0.011 0.041 0.042 0.028 0.045
0.059 0.100 0.034 0.059 0.001 0.028 0.045

content.”” Thus, the next step in the development of a more
general kinetic model of biomass pyrolysis could consist of
modifying the reaction scheme, or simply the kinetic
parameters_of specific reactions to account for this effect. An

example of this attempt was recently proposed by Trendewicz

et al,*® who studied the effect of potassium on the reaction

kinetics of cellulose pyrolysis.

7. CONCLUSIONS

Taking advantage of the very large set of experimental data
collected and reported in the Supporting Information, this work
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Figure 9. Pyrolysis of oil palm shell (20 K/min)*® and wheat straw (80
K/min).51 Elemental biomass composition is reported in the inner C/
H box. Comparisons between experimental data (points) and
extended model predictions (solid line).

extended the validity range of a biomass characterization
method'’ by including a couple of extractive species, as new
reference components. A lumped species representative of
condensed tannins (hydrophilic extractive), together with a
lumped resin or triglyceride (hydrophobic extractive), allowed a
useful extension of the biomass characterization method, now
able to describe most ligno-cellulosic biomasses. The
corresponding multistep kinetic model of the biomass pyrolysis
simply required the definition of the pyrolysis kinetics of the
two new reference species.

For biomass samples contained in the range of the original
characterization model, the new pyrolysis model is proven to be
fully consistent with the previous one, already validated in a

wide range of different conditions.'””***** Several compar-
isons of pyrolysis of biomass samples, previously outside the

applicability range of the characterization method, validate the
proposed extension. Moreover, it is also shown that the model
is not very sensitive to the splitting parameters applied in this
biomass characterization approach. The method is completely
predictive and only requires the ultimate analysis of the biomass
sample.

Spreadhseet of data from the Creck Biomass Database
(XLSX)

Estimation of optimal characterization parameters and
multistep kinetics scheme (PDF)
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