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Abstract

The pyrolysis kinetics of beech wood was analyzed using model-free and
model-fitting methods. Experimental measurements of the pyrolysis process
were conducted in two thermogravimetric analyzers (TGA), a TG 209/2/F from
Netzsch and a TGA Q500 from TA Instruments, which were found to have a
similar precision in the establishment of the preset heating rate. Two
experimental procedures were employed: (i) introducing samples which were

pre-dried externally before the experiments were executed and (ii) internal (in



situ) drying of the samples in the TGA via a special temperature program below

150 °C which preceded the pyrolysis process.

The kinetic parameters were derived (i) using several model-free methods,
namely Kissinger method, isoconversional methods, a simplified Distributed
Activation Energy Model (sDAEM) and, (ii) using a model-fitting method via a
five-step reaction model which calculates the differential thermogravimetric
(DTG) curves at different heating rates; the calculated DTG curves were further

analyzed by Kissinger's method to obtain overall kinetic data.

The kinetic parameters were found to be different in the two experimental
procedures. Also, they turned out different when the assumed end temperature
of the pyrolysis process was varied. This is because the pyrolysis of slowly
charring solid residues becomes more important with increasing temperature
and finally overruns the release of volatiles from the wood samples. For the
same experimental procedure and for sufficiently low end temperatures,
corresponding to a degree of conversion less than 85 %, model-free and model-

fitting methods resulted in similar kinetic parameters.

Keywords: biomass pyrolysis; pyrolysis kinetics; model-free methods; model-

fitting methods.

Nomenclature

A pre-exponential factor of rate coefficient [s™']
a degree of conversion [%]
Yij heating rate [K min™, K s™]

: . 1
m ’
Bmea  heating rate measured by the TGA [K min™', K s™']



ﬂset

EA
EE
f(a)
9(a)
h(E)

To

Tmax

heating rate programmed to the TGA [K min™', K s']

activation energy [kJ mol™]

mean value of Gaussian distribution of activation energy [kJ mol™]
activation energy for a specific value of the conversion degree [kJ mol™]
average relative error [%]

average relative error of the pre-exponential factor A [%]

average relative error of the activation energy E [%]

differential form of the a-dependent part of the rate equation [-]
integral form of the a-dependent part of the rate equation [-]
probability density function of the activation energy [mol kJ™]

rate coefficient/constant of a first-order reaction [s™]

mass of the sample remaining [g]

initial mass of the sample at the beginning of TGA test [g]

mass of the sample remaining at the beginning of the pyrolysis [g]
mass of the sample remaining once the pyrolysis is completed [g]
order of the pyrolysis reaction [-]

total number of heating rates considered [-]

stoichiometric coefficient of carbon from component i in reaction j [-]
universal gas constant [J mol™ K]

determination coefficient [-]

time [min]

temperature [°C, K]

initial temperature of the pyrolysis process [°C, K]

temperature at which the reaction rate has its maximum [°C, K]

percentage of mass of the sample remaining [%]
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Xpi percentage of mass remaining at the beginning of pyrolysis process [%]

Xof percentage of mass remaining at the end of pyrolysis process [%]

Abbreviations:

CFD Computational Fluid Dynamics
DTG Differential Thermogravimetric
HHV Higher Heating Value

KAS Kissinger-Akahira-Sunose
LHV Lower Heating Value

OFW Ozawa-Flynn-Wall

sDAEM simplified Distributed Activation Energy Model
TG Thermogravimetric

TGA Thermogravimetric Analysis / Thermogravimetric Analyzer

1. Introduction

Biomass is one of the most widely used renewable energy carriers due to its
worldwide availability, its net carbon dioxide neutral character, and because it is
easy to store, which permits decentralized production of heat and power on-
demand. Furthermore, the local availability of biomass can increase fuel
security and reduce carbon dioxide emissions associated with fuel
transportation [1]. Biomass can be transformed via biochemical, physico-
chemical, and thermochemical processes [2]. This paper is on pyrolysis, defined
as thermal degradation in the absence of oxygen and other gasifying media [3].
Pyrolysis presents several benefits, such as the use of moderate temperatures

(300-600 °C), the mostly small amount of pollutant emissions, and the



possibility to obtain a high-quality liquid fuel, easy to handle, store and

transport.

Pyrolysis of biomass can be studied using thermogravimetric analysis (TGA) or
differential scanning calorimetry (DSC) [4]. The goal of TGA is to determine the
global kinetic parameters of biomass pyrolysis processes (activation energies
and pre-exponential factors), which in combination with other analytical
measurement techniques helps to clarify the thermal decomposition process
and to understand the product formation from the pyrolysis reactions. Moreover,
these global kinetic data can also be employed for the design and optimization

of pyrolysis reactors and as input parameters for CFD simulations [5].

The derivation of the kinetic parameters can be based on model-fitting or on
model-free methods. Model-fitting methods require an assumption about the
reaction mechanism and a suitable fit of the rate constants to match the overall
results obtained from TGA measurements. In contrast, model-free methods
assign only overall kinetic parameters to the decomposition process of the bulk
sample. No effort is made in this case to clarify the product formation.
Therefore, the computational procedure is relatively simple and the cost of
model-free methods is low compared to the cost of model-fitting methods [6].
Vyazovkin et al. [7] consider that the kinetic parameters obtained from model-
free methods are more consistent and reliable due to the absence of multiple
assumptions made in model-based analyses. However, model-free methods

yield less detailed information than model-fitting methods.

In previous studies of model-free methods, the fitting precision and the reliability

of kinetic parameters were found to be directly related to the experimental



uncertainty, which can be high [8,9]. In contrast, high fitting precision was
demonstrated to be realized using model-free methods [10]. This emphasizes
the need for a critical comparison of the results obtained from model-free and

model-fitting kinetic methods, which is the major objective of the present study.

In this work, the pyrolysis of beech wood was studied experimentally by non-
isothermal thermogravimetric measurements performed in two different TGA
instruments. The main novelty of the work relies on analyzing the experimental
measurements conducted by two different research groups using two different
TGA apparatus, by means of several model-free and a model-fitting method.
Regarding model-free methods, various isoconversional models as well as the
simplified Distributed Activation Energy Model (sDAEM), which is a multi-step
method, were employed. In addition, a model-fitting method based on a five-
step mechanism was used. Another innovation of this work is the use of
different drying procedures for the beech wood samples. The different drying
procedures tested were found to vyield different pyrolysis kinetic data.
Furthermore, the kinetic parameters were determined selecting different final
temperatures for the pyrolysis process. In this way, the effect of the increasing
contribution of secondary char pyrolysis to the whole pyrolysis process could be

quantified.

2. Theory

Model-free methods permit the computation of the kinetic parameters for
specific values of the pyrolysis conversion degree, requiring no assumptions
about the reaction mechanism. Most of them describe biomass pyrolysis

kinetics by an assumed single-step overall rate equation:



da
—=k(T ,

k(1)1 (a)

employing the degree of conversion ¢, which is a dimensionless quantity, rather
than the measured sample mass m. The rate of reaction do/dt is expressed as

a function of temperature k(T) and a function of the conversion f(«), which

depends on the reaction order.

For consistency, the International System of units (kg, m, s, K) is used for all the

variables included in the equations presented in this work.

For the rate coefficient, the most widely used temperature dependence

expression is that proposed by Arrhenius [11]:

k(1) =Aexp(-R—ETj,

where A is the pre-exponential factor, E is the activation energy, R is the
universal gas constant, and T is the temperature. The resulting kinetic
parameters may be dependent on the degree of conversion. Also, they may be
understood to represent some average of all microscopic processes which
contribute to the total pyrolysis process. Model-free methods include Kissinger’s
method, isoconversional methods, and multi-step methods, like the simplified
Distributed Activation Energy Model (sDAEM), which are described in detail
below. The Kinetics Committee of the International Confederation for Thermal
Analysis and Calorimetry (ICTAC) recommends the calculation of kinetic
parameters from isoconversional models for a wide range of conversion values,
from 5% to 95% [7]. In addition, the sDAEM has been widely used to derive

pyrolysis kinetic data.

(1)

(2)



Model-fitting methods interpret and approximate the measured mass loss (i) by
generalized reaction mechanisms, templates of which are available in the
literature [12-14] or (ii) by individually developed reaction mechanisms, which

usually involve a set of several first order reactions.

The template reaction mechanisms (i) represent decomposition processes
which are relevant to any type of solids, not only solids of biogenic origin.
Hence, they focus on n-th order reaction mechanisms, on the evolution of lattice
defects in crystals, on diffusion limited decompositions, etc. In contrast,
individually developed reaction mechanisms (ii) involve explicit reaction
schemes which were developed for the specific substance under investigation,
like the famous Broido-Shafizadeh models for the pyrolysis of cellulose [15,16]
and numerous modifications and refinements thereof, as reviewed by Antal et
al. [17] and by Conesa et al. [18]. Of course, the published reaction
mechanisms vary considerably in the detailed description of various
decomposition pathways, some of them [19] even consider thermodynamic data
of the involved substances and specific processes at the molecular level, as
reviewed recently by Wang et al. [6]. In practice, a good compromise is sought

between user friendly applicability, completeness and accuracy.

It is emphasized here that the rate constants of such explicit mechanisms are
not generally valid, because they do not refer to elementary reactions, but to
composite reactions of biopolymers. Therefore, none of the reported rate
constants is applicable to a different reaction scheme. They are valid only within
the frame of the particular reaction mechanism for which they were developed.

Other limitations of global mechanisms are the neglect of reverse reaction



pathways and of heat release or consumption, but this is beyond the scope of

this paper.

As noticed repeatedly in the literature, the kinetic data (A, E) derived from
model-fitting or from model-free approaches vary substantially; famous
examples are the round robin studies of the thermal decomposition of cellulose
[20] and calcium carbonate [21]. Besides systematic errors, the data handling
and the methods of data evaluation came into focus and were shown to

contribute to the scattering of kinetic results [21-23].
2.1. Kissinger method

The Kissinger method [24,25] is based on the differential form of the rate
equation. It relates the temperature T, at which the rate of reaction, do/dt,
reaches a maximum, to the heating rate £. In case of a first order reaction, the

relation reads:

In g :ln(A—Rj— £ .
7-11'121)( E RY-;]’IB.X

This characteristic equation can be employed to determine the pre-exponential

factor A and the activation energy E of the pyrolysis reactions from a set of
differential thermogravimetric (DTG) curves obtained at different heating rates
p. Eq. (3) is exact only for single and pure substances which decompose
according to a first-order reaction. However, for complex solid fuels such as
biomass, Kissinger's method produces single values of A and E averaged over
all individual physico-chemical processes, which in reality vary with the degree
of conversion «a. Therefore, the results obtained from the Kissinger method

should be considered carefully. It is recommended to cross-check the
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dependence or independence of the kinetic parameters on the degree of

conversion by an isoconversional method or by sDAEM [26].
2.2. Isoconversional methods

The isoconversional methods can be classified into differential and integral
methods, depending on the form of the rate equation on which they are based
[6]. The only differential isoconversional method of practical importance is the
Friedman method [27], whereas a variety of integral isoconversional methods
are in common use, e.g., the Ozawa-Flynn-Wall (OFW) method [28,29] and the

Kissinger-Akahira-Sunose (KAS) method [24,30].

The characteristic equation of the Friedman model, Eq. (4), is obtained directly
from the logarithm to the differential form of the rate equation, Eq. (1). For the

assumed first order kinetics of the pyrolysis process, f(a) = 1 - « [31], hence:

The integral isoconversional methods make use of the integral form of the rate

equation:
a da AT E A T E
g(a)z'[o mzz Toexp(—ﬁdezEIO exp(—ﬁde

This integral employs the isoconversional principle according to which A and E
are independent of temperature. The lower integration limit T, can be
approximated by 0, since usually the degree of conversion below the starting

temperature is negligible [28]. The integral in Eq. (5) is the so-called
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temperature integral, /(E,T). It has no analytical solution, thus, Eq. (5) needs to

be solved by approximation or by numerical integration [26].

The OFW [28,29] method uses the approximation of Doyle in Eq. (5) [32]. For
first order reactions, the function g is g(a) = -In(1-«) [31], and the OFW

characteristic equation yields:

AE

E
Inf=In| —————— |-5.3305-1.052—. 6
"/ n( R ln(l—a)j RT ©)

The Kissinger-Akahira-Sunose (KAS) method [24,30] improves the accuracy of
the OFW method by using the approximation of Murray and White [33] for the
temperature integral instead of Doyle’s approximation. The characteristic

equation then reads:

h{ﬁz]:m AR | E (7)
T E In(l1-a)) RT

Further details of the mathematical derivation of the isoconversional kinetic
methods can be found elsewhere [10, 34]. Corresponding to the validity of the

approximations to the temperature integrals, the expected numerical accuracy

of KAS method is higher than that of OFW method.
2.3. Simplified Distributed Activation Energy Model (SDAEM)

The Distributed Activation Energy Model (DAEM) proposed by Vand [35]
assumes the pyrolysis of a solid fuel to be a superposition of a large number of
independent first-order Arrhenius type reactions with different activation

energies, which can be represented by a continuous probability density function
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h(E), with units of inverse activation energy. For a constant heating rate g =

dT7/dt, the degree of conversion « for the original DAEM can be written:
a—l—jwex —éj.Te_E/RTdT h(E)dE 8
1], el =4, : (8)

The exponential function in Eq. (8) is the so-called ¢ function. For the original
DAEM, the form of the probability density function of the activation energy
should be assumed to follow any statistical distribution like Gaussian, Weibull,

etc. Thus, the original DAEM is an implicit model-fitting kinetic method.

Miura [36] and Miura and Maki [37] proposed a simplified DAEM (sDAEM),
which is an integral model-free multi-step method. In view of the rapid variation
of the ¢ function from 0 to 1, Miura [36] proposed to approximate it by a step
function for any specific value of the activation energy. Using the approximation
of Coats and Redfern [38] for the temperature integral and the approximate

value of 0.58 for the step variation, the ¢ function becomes:

#(E.T)= exp{—% jOT eE/RTdT} ~ exp[—% eE/RT} =0.58. 9)

Then, taking logarithms to Eq. (9), the characteristic equation for the sDAEM is:
AR E
In ﬁz =In| — |+0.6075——. (10)
T E RT

Therein, A and E usually vary with «. Miura and Maki [37] proposed the use of
several TG curves, measured at several constant heating rates g, to determine
A and E for each value of a. Soria-Verdugo et al. [39,40] found that at least five

TG curves should be used in order to reproduce the measured TG curves with
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reasonable accuracy. Moreover, characteristic sDAEM equations for time
dependent heating rates are available now [40,41]. Overall, the numerical
accuracy of the sDAEM method is estimated to be comparable to the KAS

method.

2.4. Model-fitting kinetic method

Originally, a three-step mechanism was developed for the independent
decomposition of the three pseudocomponents, i.e., hemicellulose, cellulose,
and lignin. Despite its plausibility, such an approach has limitations, because no
particular consideration of the polymeric nature of the biomass is made, effects
of inorganic constituents are neglected, etc. [43]. Moreover, such a model
predicts the separation of the hemicellulose and cellulose peaks at low heating
rates [44,45], which is contrary to experimental evidence [46]. This can be
avoided by increasing the number of reactions. The five-step model includes
two parallel decomposition pathways for cellulose, one of which leads to
intermediate tar formation. As default tar species levoglucosan was chosen,
because it is a key species of wood pyrolysis and since the overall tar
composition can be approximated by CgH10Os, which is the sum formula of both
the cellulose monomer and levoglucosan [46-49]. The five-step model is listed

in Table 1.

Table 1: Reaction scheme of the five-step model [45,50].

. A E
compound reaction [5-1] [kJ/mol]
cellulose CeH100s — gas+2.5C 2108 132
cellulose CeH10Os — 0.75tar+gas +0.625C 3.10™ 195
hemicellulose ~ CsHgOs — gas+2C 1.10’ 105
lignin CioH100s — gas+4.3C 1.510™ 192
tar CeH1005 — gas 2107 122
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R gas composition is not a subject in this work; therefore, it is not specified here

The pseudocomponents are represented by their monomeric formulas and
“‘gas” is a mixture of carbon monoxide (CO), carbon dioxide (CO,), methane
(CH4), hydrogen (Hz) and water vapor (H2O) to complete the stoichiometry.
Within this model, methane is a lump species which stands for all the non-tar
hydrocarbons [50]. The kinetic data were obtained by manual fits to
experimental DTG curves of several beech wood samples. The quality of such
data fits is usually assessed by comparison to a model-free approach. Recently,
the five-step model was extended to include dual decomposition reactions for all

pseudo-components and two different tar species [51].

The kinetic parameters derived from these kinetic methods, either model-free or
model-fitting, could be used in combination to heat and mass transfer models to
simulate the pyrolysis process of wood in a bench scale or even industrial unit.
The validity of the kinetic results derived from these methods for a bench scale
facility was already demonstrated by Tomasi Morgano [52], however, the

validity for industrial units should be evaluated.

3. Materials and methods

3.1. Feedstock analysis

European beech wood, Fagus sylvatica, was adopted for this study. Bark-free
grinded material, particle size of 0.5-1.0 mm, was purchased from J.
Rettenmaier und Séhne GmbH & Co. in Rosenberg, Germany. The feedstock
was selected due to the extensive data available in the literature as well as for

its high reproducibility and constant chemical composition.
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Analysis of the feedstock was carried out following the respective German DIN
Standards [53]. The chemical composition was determined by the Klason and
Klrschner standards [54] to evaluate the content of cellulose, hemicellulose and
lignin. The results of the analysis are reported in Table 2. Considering the
characteristics of beech wood reported in Table 2, the results of the kinetics
analysis performed in this work are specific for wood. The results may differ for

different solid samples such as polymers, coal, or non-lignocellulosic biomass.

Table 2: Characterization of the feedstock European beech wood (Fagus

sylvatica).
Parameter Method Value Unit
Moisture DIN EN 14774-2 9.7 wt.% ar
Proximate analysis
Ash (550°C) DIN EN 14775 1.4 wt.% db
Volatile matter DIN EN 15148 83.3 wt.% db
Fixed carbon analog to DIN 51734 15.3 wt.% db
Elemental analysis
Carbon DIN EN 15104 49.5 wt.% db
Hydrogen DIN EN 15104 6.0 wt.% db
Nitrogen DIN EN 15104 0.19 wt.% db
Oxygen* DIN EN 15296 42.9 wt.% db
Trace elements
Sulfur DIN EN 15289 0.016 wt.% db
Chlorine DIN EN 15289 < 0.005 wt.% db
Fluorine analog to DIN EN 15289 < 0.001 wt.% db
Calorific values
HHV DIN EN 14918 19530 kJ/kg db
LHV DIN EN 14918 18230 kJ/kg db
Chemical analysis
Cellulose Kuarschner 44.9 wt.% daf
Hemicellulose Sodium Chlorite NaCIOz# 33.9 wt.% daf
Lignin Klason 21.2 wt.% daf

ar is as received; db is dry basis; daf is dry ash-free basis
* calculated by difference
# calculated from holocelullose

3.2. Thermogravimetric analyzers
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Two different thermogravimetric analyzers (TGA) were employed to conduct
pyrolysis tests: a TGA Q500 from TA Instruments located at BIOLAB in
University Carlos Ill of Madrid (UC3M), Spain and a TG 209/2/F from Netzsch
located at the Institute for Technical Chemistry in Karlsruhe Institute of
Technology (KIT), Germany. The technical specifications of both TGA

instruments are included in Table 3, where the similarity of both devices can be

seen.

Table 3: Technical specifications of TGA Q500 and TG 209/2/F.
Parameter TGA Q500 TG 209/2/F
Maximum sample mass [g] 1 1
Mass measurement precision [%] + 0.01 + 0.01
Mass resolution [ug] 0.1 0.1
Pan volume [ul] 100 85
Pan material Platinum Aluminum oxide
Furnace nitrogen flow rate [ml/min] 60 15
Balance nitrogen flow rate [ml/min] 40 10
Heating rate range [°C/min] 0.01 -100 0.1-80

The monitored variables during the pyrolysis tests in both TGA apparatus, i.e.,
time t, temperature T, percentage of mass remaining X, and variation of the
percentage of mass remaining dX/df, were recorded in temperature intervals of

0.1 °C.

3.3. Pyrolysis measurements in TGA

The recommendations of the ICTAC kinetics committee [55] were considered
for collecting the experimental thermal analysis data used for the kinetic
computations. The initial sample mass was 10.5+0.5 mg. This mass is low
enough to guarantee a negligible effect of heat and mass transfer inside the

sample, while providing a high signal-to-noise ratio during the measurements.
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The pyrolysis process was studied in two different procedures:

(i) external drying (experiments with pre-dried samples)

In these experiments, the wood samples were dried in a heated oven at 105 °C
for 24 hours to obtain a residual moisture close to 5 % and were protected
against ambient atmosphere until usage. During pyrolysis, the temperature was
increased from room temperature to 900 °C at constant heating rates of 5, 10,
15, 25, 35, and 50 °C/min. All experiments were repeated twice both in the TGA
Q500 and in the TG 209/2/F. The heating rates are low in comparison to
industrial applications; however, the kinetic parameters were previously found to
be independent of the heating rate in the range 20 — 200 °C/min for some

biomass samples [56,57].

(i) internal drying (in situ drying of the samples)

In these experiments, the samples were introduced into the TGA as received,
i.e., containing approximately 10 wt.% of humidity, and a two-stage heating
pyrolysis was used in the TGA tests [58]. The temperature was first increased to
105 °C and kept at that level for roughly 30 min, before starting the pyrolysis
and heating up further to 900 °C. The same six different values of the heating
rate as for the external drying tests were used for the in situ drying tests. The
pyrolysis of the in situ drying samples was conducted only in the TGA Q500 to
quantify the effect of the in situ process by comparison with the results of the

pre-dried samples.

3.4. Processing of the TGA data
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As already mentioned, the five-step model [45] was developed by manually
fitting the experimental DTG results of several beech wood pyrolysis
experiments to the set of five first order reactions, Table 1. For this purpose, the
initial composition of beech wood was set to 45 wt.% cellulose, 34 wt.%
hemicellulose and 21 wt.% lignin (daf, see Table 2). The total initial mass, the
starting temperature Ty and the heating rate g were set to the experimental
conditions. The time derivative of the mass of each pseudocomponent i in

reaction j was set to:

dm, . E.
- :_Ai,jmi,j eXp[——JJ, (11)

dt

where the evolution of temperature T with time tis linear T = Ty + S - t. Note
that, of course, since cellulose has two decomposition pathways in the five-step
model, the time derivative of its mass is the sum of two rate expressions (j = 1

and 2). Similarly, the time derivative of carbon (char) formation is:

dm,. E.
= A v om -1, 12
AR I»> mp[ RT] (12)

where v;; is the stoichiometric coefficient of carbon from component i in reaction
J- The differential equations were solved to obtain, amongst others, the total
solid mass (TG curve) and its time derivative (DTG curve) as a function of time
and temperature using a double precision version of the LSODE package from
Lawrence Livermore National Laboratory (LLNL) [59]. The numerical values for

vij, Ajjand E;are listed in Table 1 in section 2.4.
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All model-free methods are based on the degree of conversion « and its rate of
variation do/dt which were determined from the monitored variables of both
TGA apparatus. The degree of conversion « varies between 0 % at the
beginning of the pyrolysis process and 100 % when the pyrolysis is completed.

The degree of conversion « can be calculated as:

a=100.u’ (13)

My =My

where m is the mass of the sample remaining at time ¢ and my; is the initial mass
of the sample when pyrolysis starts, i.e., at 150 °C, and my is the final mass of
the sample once the reaction is completed. Its value varies a little depending on
the temperature which is chosen to be the final temperature of the pyrolysis
process. Then, dividing by the initial mass of the sample employed in the TGA
test my, the degree of conversion « can be expressed in terms of the current

mass percentage which is the output reading of the instruments:

X —-X

In view of the definition of the degree of conversion « as a function of the
percentage of mass remaining X, Eq. (14), the rate of variation of « can be
related to the rate of variation of X as:

da 1 dx

= (15)
& X, -X, d

4. Results and discussion

4.1. Precision of heating rates in the two TGA instruments
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In a TGA, the desired change of the sample temperature with time is pre-set by
the programmed heating rate. However, the real sample temperature lags
behind the programmed temperature and behind the temperature reading. The
exact discrepancy is due to several instrument properties and operation
conditions like location of the thermocouple, nature and flow rate of the inert
carrier gas, heating rate, sample mass and particle size distribution, as well as
the reaction heat. The thermal lag error increases at faster scanning rates,
larger sample masses, higher weight sample pans, etc. Therefore, the capability
of the TGA to maintain the heating rate at a constant value fs¢ during the whole
process is a characteristic of the instrument with the pan system, the employed
experimental conditions and the sample itself. To compare the instruments’
performance considering their specifications and the given different operation
conditions (Table 3 without considering the maximum sample mass) the heating
rates obtained in both TGAs during all the beech wood pyrolysis tests were
determined in a post-processing procedure as the time derivative of the
temperature output reading. This parameter is denoted f,es. A moving average
filter of 250 points was used for the calculation of S, to avoid the numerical
noise produced by the derivation. The comparison of both TGA instruments in
terms of their capability to maintain the heating rate at S was carried out

based on the relative error of the heating rate:

& :ﬁset _ﬁmca .

16
B ﬁse[ ( )

The values of g5 are plotted in Figure 1 as a function of temperature for all the

pyrolysis experiments conducted in both TGA instruments. In both cases, the
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accuracy of the equipment to maintain a set value for the heating rate is higher
for low heating rates and for high temperatures, as a consequence of the time
required by the instruments to adjust to the programmed value of £. However,
the behavior of both TGAs differs, especially for high values of the heating rate.
The TGA Q500 approaches the selected value of g from slightly lower values,
whereas the TG 209/2/F seems to overshoot the set value of #and approximate
to it from higher values. This results in positive values for the relative error of
the heating rate, Eq. (16), for the TGA Q500, whereas negative values of &
were obtained for the TG 209/2/F. In terms of the deviation from the selected
value of the heating rate, the TGA Q500 is very accurate for the whole range of
temperatures analyzed for values of g below 25 °C/min. In contrast, deviations
similar to those obtained in the TGA Q500 for heating rates of 35 °C/min occur
in the TG 209/2/F for values of 15 °C/min. In addition, the maximum variations
for heating rates up to 50 °C/min in the temperature range of 150 — 600 °C is
8.5 % for the TG 209/2/[F and 4 % for the TGA Q500. Nevertheless, for
temperatures above 300 °C, where most of the pyrolysis of lignocellulosic
biomass occurs, the deviations of the heating rate are within 1.5 % for the TGA

Q500 and 5 % for the TG 209/2/F, which are acceptable values in both cases.
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Figure 1: Relative error of the heating rate for all the pyrolysis tests in both TGA

instruments during the pyrolysis of the pre-dried samples.
4.2. TG and DTG curves obtained for the pre-dried samples in both TGAs

The measured TG and DTG curves for the pre-dried beech wood samples are

plotted in Figure 2 for both instruments.
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Figure 2: TG and DTG curves for the pyrolysis of beech wood at various heating

rates in both TGA instruments (pre-dried samples).

The TG curves show a steep increase of the degree of conversion in a
temperature range between approximately 250-400 °C, followed by a smooth
increase of the degree of conversion towards higher temperatures, for all the

heating rates tested. In this temperature range, most of the volatile matter
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contained in lignocellulosic biomass is released and decomposed, followed by
the subsequent slow pyrolysis of the char produced. As a consequence of the
non-isothermal experimental procedure, an increase of the heating rate g
induces a shift of the decomposition process to higher temperatures, in

agreement with literature data [25,60,61].

The structure of the DTG curves has often been interpreted to originate from
overlapping peaks in the literature. In this sense, two overlapping peaks can be
observed at temperatures between 250 and 400 °C. These may be attributed to
the pyrolysis of the hemicellulose and cellulose. A third underlying peak, which
covers a wide range of temperatures between 200 °C and 500 °C, cannot be
observed directly, but is expected to represent the comparatively slow pyrolysis

of lignin [47].

For the pre-dried samples, the agreement between the experimental results
obtained in the two thermogravimetric analyzer TG 209/2/F and TGA Q500 was
good with relative errors around 2 % in o for TG and 10 % in do/dt for DTG

data. The differences are probably due to small differences of the thermal lags.
4.3. Results of model-free methods
4.3.1. Pre-dried samples

From the TG and DTG curves shown in Figure 2, characteristic plots were
prepared for the model-free methods, i.e., Kissinger, Friedman, OFW, KAS, and
sDAEM. In the Kissinger plot, the logarithm of the heating rate g over the
temperature squared, Tmax’, for which the rate of reaction d«/dt is maximum

(Figure 2) is plotted as function of the inverse of this temperature, 1/T 4, EQ.

24



(3). Since the maximum rate of reaction is attained at a specific temperature for
each heating rate, the Kissinger plot has only one data point for each heating

rate.

According to the Friedman characteristic equation Eq. (4), the Friedman plot
shows the values of the logarithm of the rate of reaction do/dt versus the
inverse temperature 1/T. The OFW plot represents the logarithm of the heating
rate g, left-hand-side of the OFW characteristic equation Eq. (6), as a function
of the inverse temperature 1/T. Finally, KAS and sDAEM are based on similar
characteristic equations Eq. (7) and Eq. (10), respectively, hence their plots
coincide, depicting the logarithm of the heating rate S over temperature squared
versus the inversed of temperature 1/T in both cases. The four different plots
obtained from the pyrolysis measurements of beech wood conducted in the TG
209/2/F for the pre-dried samples are included in Figure 3. The plots derived
from the measurements performed in the TGA Q500 are very similar to those
shown in Figure 3, therefore, they are not included in the figure to avoid

repetition.
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Figure 3: Data evaluation according to the different model-free kinetic methods
applied to the pyrolysis measurements conducted in the TG 209/2/F (pre-dried

samples).

The linearity of the data represented in the characteristic plots of Figure 3 is
high, with coefficients of determination R?> > 0.995 (Table 4), averaged in a
degree of conversion range from 5% to 95%. The high R? values obtained from
the pyrolysis measurements of pre-dried beech wood in both the TG 209/2/F
and TGA Q500, reported in Table 4, reflect the high quality and reliability of the
experimental measurements conducted in both instruments [9] and confirms the

first-order assumption for the pyrolysis reactions.
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Table 4: Coefficients of determination R? for the linear fitting of the characteristic
plot data obtained from the pre-dried beech wood pyrolysis measurements in

the TG 209/2/F and the TGA Q500.

Kissinger Friedman OFW KAS-DAEM
TG 209/2/F 0.998 0.997 0.999 0.995
TGA Q500 0.995 0.998 0.996 0.998

From the slope and intercept of the linear fits to the data in the characteristic
plots, the pre-exponential factor A and activation energy E can be derived
according to the characteristic equations. The values of the pre-exponential
factors A and the activation energies E are shown in Figure 4 for a range of
degree of conversion from 5 % to 95 %. The results from the two
thermogravimetric analyzers are very similar. The conversion dependent values
of A and E obtained from both the isoconversional methods and sDAEM show a
similar behavior, with a roughly uniform value for a wide range of pyrolysis
conversions from 5 % to around 85 %. Towards higher degrees of conversion,
the values for A and E increase suddenly. This corresponds to the final
slowdown of the conversion rate as seen in Figure 2. Hence, this is probably

due to a dominance of the final char conversion processes.

As is obvious from Figure 4, the kinetic parameters obtained in the two
instruments, by sDAEM and the isoconversional kinetic methods (KAS, OFW
and Friedman) resulted in very similar values of In A and E, differing by only 5-6
%. In contrast, Kissinger's method gave notably different values for In A and E
in the two instruments, differing by more than 20 %. Such deviations can be
attributed to the simplicity of this data evaluation method and its differential
character, which is liable to overrate the instrument noise, resulting in a
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reduction of the accuracy of the data evaluation [31]. The results of the kinetic
parameters of beech wood pyrolysis derived in this work, shown in Figure 4, are
in good agreement with those reported previously by Branca et al. [44], Ding et

al. [62], Granli et al. [63], and Di Blasi and Branca [64].
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Figure 4: Kinetic parameters obtained from the various model-free kinetic
methods applied to the pyrolysis measurements of pre-dried beech wood

conducted in the TG 209/2/F and TGA Q500.

4.3.2. In situ dried samples

The results obtained from the pyrolysis of the in situ dried samples performed in
the TGA Q500 were postprocessed similarly to the results of the pre-dried
samples, using the same temperature range to determine the conversion

degree, i.e., from 150 to 600 °C, and applying the sDAEM to derive the kinetic
28



parameters of the pyrolysis. The variations of the pre-exponential factor A and
the activation energy E with the pyrolysis conversion degree « are shown in
Figure 5 for the in situ and pre-dried tests carried out in the TGA Q500. The
values of the kinetic parameters for the pre-dried and in situ dried samples are
similar, obtaining average deviations of 3.2 % for In A and 5.3 % for E over a
range of the conversion degree from 5% to 85 %. However, a higher difference
is obtained for high values of the conversion degree, corresponding to the
pyrolysis of char, for which the kinetic parameters obtained applying sDAEM to
the in situ dried samples are lower than those derived from the pre-dried
samples. In view of the effect of humidity on the kinetic parameters of pyrolysis,
drying the samples prior to the TGA pyrolysis tests (pre-drying) is
recommended. However, if the sample must be dried in the TGA (in situ drying),
the drying and pyrolysis processes should be properly separated by using a
two-stage heating for the TGA pyrolysis tests to prevent any effect of humidity

of the pyrolysis reactions.
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Figure 5: Kinetic parameters obtained applying SDAEM to the pyrolysis
measurements of pre-dried and in situ dried beech wood samples in the TGA

Q500.
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4.4. Results of the five-step model

Figure 6 shows Kissinger plots of the experimental data for the pre-dried and
the in situ dried samples and compares them to the Kissinger plot that results
from the five-step model. For the pre-dried samples, the experimental data
obtained from the TG 209/2/F and TGA Q500 are in good agreement. However,
if in situ drying is applied, the temperatures of maximum decomposition rate,
Tmax, Systematically decrease by around 15K and the obtained kinetic
parameters are in closer agreement with the five-step model results. Perhaps,
pre-drying and in situ drying result in different surface properties and/or in
different pore structures, which lead to some change in the pyrolysis rate and/or

reactions.

The resulting kinetic parameters are tabulated in Table 5. While all activation
energies are similar and are in the range E = 170 + 15 kJ/mol for all cases, the
ordinate intercepts are quite different. In fact, the pre-exponential factors differ

= 10214114 51 Note, however,

by more than two orders of magnitude, giving A
that such a comparison has limitations, because it is based on the simplification
of Kissinger's method and because only one temperature is considered. A

better unifying view is presented in section 4.6 below.
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Figure 6: Kissinger plots of experimental data and five-step model.

Table 5: Comparison of overall kinetic data obtained from experiments and the

five-step model (Kissinger's method applied to both experimental and calculated

data).
Data set Als']  E[kJ/mol]
TG 209/2/F, pre-dried 1.9-10" 185.4
TGA Q500, pre-dried 5.3-10" 166.9

TGA Q500, in situ dried 2.0-10" 157.2
Five-step model (TG 209/2/F)  1.3-10" 168.0

4.5. Effect of the final temperature selected for the pyrolysis process

The calculation of the degree of conversion by Eq. (14) is based on the
selection of appropriate initial and final temperatures for the pyrolysis process.
The selection of these temperatures may affect the results obtained for the
kinetic parameters of the pyrolysis reaction, because (i) in the initial stage, up to
about 120 °C, the mass loss is due to the drying process, (ii) in the final stage,
above about 400 °C, the mass loss is mainly due to the thermal decomposition

of the residual char.

Only in between these temperatures, the mass loss is really dominated by the
release of original volatile matter. Therefore, the initial temperature should be
selected as a value higher than the drying temperature, i.e., around 100 °C for
atmospheric processes, and below the minimum temperature for the onset of
the release of volatiles. The value selected for the initial temperature has only
little effect on the kinetic results provided that the degree of pyrolysis conversion

below this value is negligible. A typical value is 150 °C, since the devolatilization
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of biomass occurs at temperatures above this value. In contrast, the proper

choice of the end point of the pyrolysis process is not so easy to define a priori.

Figure 7 a) shows the evolution with temperature of the percentage of mass
remaining in the TGA Q500, X, during the pyrolysis of beech wood at a heating
rate of 5 °C/min. The slope of the curve of mass percentage versus temperature
is negligible for a temperature around 150 °C, thus, this is a proper value for the
initial temperature of the pyrolysis process. Furthermore, the selection of a
different value for the initial temperature has no effect on the kinetic parameters
obtained, provided that it is selected in the plateau zone of the TG curve after

the drying process.

As indicated above, the selection of the final temperature of the pyrolysis
process is more complex since, after the steep reduction of the mass
percentage due to the release of the volatile matter of the sample (at around
300 °C in Figure 7 a)), the mass percentage continues to decrease at a lower
rate because of the reduced amount of volatiles and because of the onset of the
slow thermal degradation of char (for temperatures above 400 °C in Figure 7
a)). Unfortunately, the pyrolysis conversion rate does not become zero at high
temperatures after the consumption of the volatile matter, due to the continuing
slow decomposition of the remaining char. Therefore, the selection of the final
temperature of pyrolysis is somewhat arbitrary and may affect the results
obtained for the activation energy and the pre-exponential factor of the total
mass loss during the pyrolysis process. To quantify this effect, a sensitivity
analysis of the value of this final temperature on the values obtained from
sDAEM for the kinetic parameters of pyrolysis was carried out. Four values of

the final temperature of the pyrolysis process of 450, 600, 750, and 900 °C were
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chosen. The degree of conversion during pyrolysis as a function of temperature
for the various final temperatures studied can be seen in Figure 7 b). The
evolution of the pyrolysis conversion degree with temperature is quite similar in
all cases for values of the degree of conversion below 80 %, i.e., for
temperatures below 400 °C, in what is called the active stage of pyrolysis,
where pyrolysis of hemicellulose and cellulose, and partly lignin, occurs.
However, for higher values of the degree of conversion, i.e., for temperatures
between 400 and 900 °C, the passive stage of pyrolysis takes place, which is
dominated by the pyrolysis of the lignin contained in char [63,64]. Significant
differences are observed for the evolution of the conversion at temperatures
above 400 °C, depending on the final temperature selected for the pyrolysis
process. The differences occurring for these high temperatures are caused by

the increasing importance of devolatilization of lignin contained in char at higher

temperatures.
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Figure 7: a) Evolution of the percentage of mass remaining with temperature
during the pyrolysis of beech wood in the TGA Q500 at 5 °C/min (pre-dried

sample), b) Evolution of the degree of conversion with temperature during the
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pyrolysis of beech wood in the TGA Q500 at 5 °C/min for various final

temperatures (pre-dried sample).

Considering the curves of the pyrolysis conversion degree versus temperature
depicted in Figure 7 b) for the various final temperatures analyzed, the sDAEM
was applied to determine the kinetic parameters of beech wood pyrolysis, i.e.,
the activation energy and pre-exponential factor, as a function of the degree of
conversion for each final temperature selected. The results of the kinetic
parameters as a function of the conversion degree are shown in Figure 8. They
show similar values for the kinetic parameters derived for a below 80 %. In
contrast, for degrees of conversion above 80 %, both the pre-exponential factor
and the activation energy increase substantially when the final temperature
selected for the pyrolysis process is higher. These differences are caused by
the increasing importance of char pyrolysis towards higher final temperatures.
For instance, if the final temperature is chosen to be 450 °C, a degree of
conversion of 90 % corresponds closely to the end of the release of biomass
volatile matter (see Figure 7 a)). However, if the final temperature is chosen to
be 900 °C, the same degree of conversion corresponds to the ongoing thermal
degradation of the char produced, and of course, these completely different
chemical reactions have different kinetic parameters associated. Therefore, the
final temperature selected for the pyrolysis process influences the kinetic
parameters obtained for high degrees of conversion. It is recommended to
select a final temperature up to which the derivative of the mass percentage
remaining, X, has a low value and starts to decrease steadily. In the present
study of beech wood pyrolysis, it was found most appropriate to select a final
temperature of 600 °C for the evaluation of the kinetic data.
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Figure 8: Kinetic parameters obtained from the sDAEM for the pyrolysis
measurements of beech wood conducted in the TGA Q500 considering various

final temperatures for the pyrolysis process (pre-dried samples).

4.6. Discussion on the capabilities of model-free and model-fitting kinetic

methods

As noticed in sections 1 and 2, the values of kinetic parameters derived from
TG investigations may show notable differences. These are somewhat difficult
to interpret due to the non-linear character of the reaction kinetics. The problem
can be solved by choosing a more unifying benchmark for the comparison. In
that sense, TG or DTG curves can be reconstructed from the fitted kinetic data

which directly illustrate the data quality by comparison to the experimental

measurements.

As example, the experiment with a pre-dried sample, pyrolyzed at a heating rate
of 25 °C/min in the TGA Q500, was chosen. The TG curves were recalculated
using the kinetic parameters as derived from the sDAEM, integral
isoconversional methods of OFW and KAS, Friedman and Kissinger methods,
as well as by the five-step model. The recalculated curves of Friedman, OFW,

and KAS were obtained by solving their characteristic equations, i.e., Egs. (4),
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(6), and (7), respectively, whereas Eq. (10) was solved to obtain the
recalculated curve of sDAEM. In contrast, the recalculated curves of the
Kissinger method and the five-step fitting model were derived by integration of
dm/dt = - k-m, considering the kinetic parameter to determine the rate
coefficient, Eq. (2). The results are shown in Figure 9 and compared to the
experimental TG curve. The sDAEM, KAS and OFW methods reproduce the
experimental data with high accuracy. The deviations from the measured
degree of conversion are less than 0.15 %, hence the three results collapse on
a single curve in Figure 9. The other methods give less accurate results in the
order Friedman’s method > five-step model > Kissinger's method. An extra
pyrolysis experiment was conducted at 75 °C/min, a higher heating rate than
those use to derive the kinetic parameters, to check the capability of the kinetic
methods to predict TG curves at higher heating rates. The results obtained, also
depicted in Figure 9, are similar to those at 25 °C/min, with a slight shift to

higher temperatures of the conversion estimation of the five-step model.
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Figure 9: Comparison of the TG curve measured in the TGA Q500 for the pre-
dried sample and the recalculated curves obtained by the kinetic models at 25

°C/min and 75 °C.
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As noticed before, Friedman’s model suffers from the differential character of
the method and Kissinger’s method appears to be an oversimplification in case
of mixtures of substances and polymers. Regarding the five-step model, some
disagreement with the experimental TG curve was expected according to Figure
6. However, the five-step model also allows an estimate of the pyrolysis gas

composition, which is not a subject in this work.

Among the model-free methods, the integral methods OFW, KAS and sDAEM
are found to be superior to the differential method of Friedman or the simple
Kissinger method. Regarding model-fitting methods, they clearly have the
advantage to allow predictions of the pyrolysis gas composition, in contrast,
they often appear to have problems to reproduce the final, slow pyrolysis of
char correctly. It appears that for wood pyrolysis, there is no direct comparison

of several model-fitting methods available in the literature.

5. Conclusions

The kinetics of beech wood pyrolysis was studied by means of non-isothermal
thermogravimetric measurements conducted in two different thermogravimetric
analyzers (TGA), a TG 209/2/F from Netzsch and a TGA Q500 from TA
Instruments. Both instruments were found to have a high repeatability and
accuracy for the temperature control. Model-free methods, isoconversional
models, the simplified distributed activation energy model (sDAEM), and a
model-fitting method, the five-step model, were used to determine the kinetic
parameters of the pyrolysis reactions. Except for Kissinger’'s method, the kinetic
parameters, obtained from the experimental results in both analyzers were in

very good agreement. The kinetic data obtained from the different evaluation
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methods were compared by reconstruction of the thermogravimetric curves. In
this way, the performance of methods of Ozawa, Flynn and Wall (OFW),
Kissinger-Akahira-Sunose (KAS) and sDAEM were found to be excellent.
Friedman’s method, Kissinger's method and the five-step model gave
somewhat less good results, partly due to the corresponding mathematical
procedure and partly due to the adopted simplifications. Hence, from the point
of view of accurate data approximation, the integral isoconversional methods
and sDAEM are recommended. From the point of view of detailed mechanistic
information and product formation, model-fitting methods are required, probably
increasing the accuracy with an increasing number of reactions, with sDAEM

representing the limiting case of an infinite set of reaction steps.

In addition, the pyrolysis process was analyzed for pre-dried beech wood
samples and for in situ dried samples, i.e., for a sample dried in the TGA as an
immediate process prior to the pyrolysis. The in situ dried sample was found to
pyrolyze faster than the pre-dried sample, and the experimental pyrolysis rates
were close to those of the five-step model. The effect of the final temperature
selected for the pyrolysis process was also analyzed, finding that both the pre-
exponential factor and the activation energy increased significantly for higher
values of the final pyrolysis temperature, as a consequence of the greater

importance of the slow thermal degradation of char at elevated temperatures.
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