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Abstract

The study presents improvements of global models, among which the Ex-
tended Independent Parallel Reaction (EIPR) model, which can be used for
the determination of the kinetic parameters associated to the pyrolysis of a
lignocellulosic material under low temperature ramps. The number of con-
stituents of the lignocellulosic material and their proportions to be involved
in the simulations are linked to characterizations of the material. A quartic
objective function to be minimized is proposed to simulate in a more efficient
way the slow pyrolysis of the material and which leads to a unique set of opti-
mal values of the kinetic parameters. Three different biomass are considered
in the present study as examples: a T-shirt sample, Cameroonian palm nut
fibers and Russian hydrolysis lignin. The good agreement between the ex-
perimental and simulated mass and mass rate curves validates the values of
the kinetic parameters thus determined. These values are finally compared to
that obtained when applying the differential isoconversional method (DIC)
or the Distributed Activation Energy Model (DAEM).
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1. Introduction

The slow pyrolysis of biomass allows to produce bio-oils, biochar, or chem-
icals, see for example [1], the review in [2] and the references therein. Tor-
refaction is another situation where a slow pyrolysis process is performed up
to temperatures generally less than 400 °C, to produce an hydrophobic ma-
terial whose chemical and physical properties differ from that of the original
material, [3].

During pyrolysis, mechanical and chemical degradations occur in the ma-
terial, the long chain polymers being broken, [4]. Modeling the slow pyrolysis
of different materials has been the subject of many researches for now many
years. Global models or methods start from the same first-order ordinary dif-
ferential equation which describes the evolution of the mass of the material,
or of the associated extent of conversion, with respect to time. This equa-
tion includes a reaction function to be chosen and kinetic parameters (pre-
exponential factors and activation energies) to be determined. Considering
a lignocellulosic representation of the material, such an ordinary differential
equation may be associated to the thermal degradation of each constituent
of the material. The reaction function, the number of constituents and their
proportions in the material have to be determined. The optimal values of
the kinetic parameters may result either from the direct resolution of the
differential equation using a numerical software or from its resolution after
the introduction of approximations. Performing such a kinetic analysis for a
given material, in complement to the classical proximate and ultimate analy-
ses and other characterizations, allows to compare its kinetic parameters to
that of other materials submitted to the same experimental conditions.

The Extended Independent Parallel Reaction model has been developed
to determine the evolution of the mass of each constituent of a material with
respect to time, assuming that these constituents are being degraded in an
almost independent way, [5], [6]. For each constituent of the material, the
EIPR model returns a unique set of two kinetic parameters (pre-exponential
factor and activation energy) through the direct resolution of the differen-
tial equation which simulates the mass loss of this constituent versus time.
Other methods or models consider the material as global. For example, the
differential isoconversional method considers a unique differential equation
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for the material. But instead of solving this equation, this method derives
values of the kinetic parameters applying the logarithm to the two mem-
bers of the differential equation, taking into account at least three different
temperature ramps and plotting regression lines for successive values of the
extent of conversion, see [7] for a general presentation of the isoconversional
methods with recommendations on their application. The kinetic parameters
are here global for the material but their values depend on that of the ex-
tent of conversion hence on the time parameter. Model-free methods such
as Ozawa-Flynn-Wall, Friedman and Kissinger-Akahira-Sunose intend to re-
move the presence of the reaction function following quite the same procedure
as the isoconversional methods, [9] and [10] among other works. The DAEM
method considers an infinite series of parallel reactions which occur during
the thermal degradation of the material. These first-order differential equa-
tions are weighted with probability density functions.

Other models, among which Computational Fluid Dynamics (CFD), have
been introduced which intend to describe the behavior of a particle in a
reactor on the basis of balance or conservation equations, see [11] and [12],
for example. In [13], the DAEM model has been coupled to CFD simulations.
In [14], CFD modeling has been applied to investigate the particle shrinkage
and the intra-particle heat conduction along biomass fast pyrolysis. In [15],
the authors discuss the major trends and roadblocks with respect to CFD-
aided process intensification of biomass pyrolysis. Such numerical methods
can be qualified as local ones, as they consider different levels in the bed.
They are especially useful in the case where diffusional limits or transport
phenomena may occur during the thermal degradation process, for example
during fast pyrolysis processes or in reactors which contain higher amounts
of materials than in a thermobalance. In the experimental background of the
present study such diffusional limits and transport phenomena are certainly
reduced.

In the present study, the Extended Independent Parallel Reaction model
is the main tool which is applied to simulate the pyrolysis of three different
biomass under the same low temperature ramp of 10 °C/min. Biomass are
lignocellulosic materials as they are composed of extractives, hemicellulose,
cellulose and lignin (apart from moisture, char and ash), whose proportions
and intricate structures vary from one material to another one. For each
biomass, the number of constituents and their proportions to be considered
are derived taking into account both the characterizations of this biomass,
and especially that obtained when applying Van Soest’s protocol [16], and

3



104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

the mass rate curve obtained from thermogravimetric analyses. To determine
the optimal kinetic parameters, the choice of an objective function to be
minimized is then discussed. A quartic objective function is here proposed
which leads to a unique set of optimal kinetic parameters. The uniqueness of
the optimal set of kinetic parameters a priori prevents from the occurrence
of a possible kinetic compensation effect as observed in such situations, see
the recent paper [17], for example. Once the kinetic parameters have been
returned by the global model, it is possible to solve the set of differential
equations which describe the evolution with respect to the time parameter
of the mass of each constituent of the material. This leads to simulated mass
and mass rate curves. The maximal difference between the experimental and
simulated mass rate curves is computed which validates the simulations in
the present context. The results of the simulations of the pyrolysis process
returned by the EIPR model are finally compared to that returned by the
differential isoconversional method or by the Distributed Activation Energy
Model, see also [8] for a comparison of the values of the kinetic parameters
associated to a biomass pyrolysis obtained through different models.

2. Methods

2.1. Materials and their characterizations

Three biomass are considered in the present study: commercial T-shirt
cotton samples, Cameroonian palm nut fibers and Russian hydrolysis lignin.
Palm nut fibers are by-products of palm oil production. They are obtained
after extraction of palm oil, just separating them from the nuts. Hydrolysis
lignin is a by-product of the technological cycles concerning the production
of fuels and chemicals, through either a percolation (Scholler process) or a
low-temperature (Bergius process) hydrolysis of wood, [18]. These three ma-
terials may be considered as renewable sources for energy production. In
France, the amount of used cotton fabrics is estimated at 700,000 tons/year,
www.ecotextile.tm.fr/ecotextile-metier.html. Cameroon was the 16th pro-
ducer of palm oil in the world in 2013 with 225,000 tons. Wood hydrolysis
plants were mainly built in the former USSR, Bulgaria, China and Korea.
All these plants produced substantial amounts of hydrolysis lignin, at most
1.5 million tons each year.

Because some experiments require a constant granulometry, the T-shirt
pieces have been cut in squares of 0.5 cm?. Palm nut fibers and hydrolyzed
lignin have been milled and sieved to the particle range 0.5-1 mm.

4
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Different experiments have been performed to characterize these materi-
als: proximate and ultimate analyses, measures of the higher heating value
and determination of the proportions of extractives, hemicellulose, cellulose
and lignin. Each experiment has been realized at least three times to reduce
possible deviations.

2.1.1. Proximate and ultimate analyses

The results of the proximate analyses performed on the three biomass
under consideration are gathered in Table 1.

Table 1
Proximate analyses of the three biomass (daf=dry ash free, ar=as received,
db=dry basis).

Volatile Fixed C. Moisture Ash HHV LHV

wt%, daf wt%, ar %, db MJ/kg
T-shirt 89.9 10.1 6.0 0.1 164 139
Palm fiber (ar) 84.2 15.8 16.0 74 226 220
Hydrol. lignin 69.0 31.0 3.5 45 195 18.6

The moisture content of each material has been measured putting a sam-
ple in a porcelain pan which is then placed in an oven and heated up to
105 °C during 45 minutes. Then the sample was stored in a desiccator dur-
ing a cooling process and weighed. The process was repeated until the sample
mass remains almost constant. A Nabertherm muffle furnace has been used
to determine the ash content at 550 °C, according to XP CEN / TS 14775.
The higher heating value (HHV) has been determined placing the sample in
a metal crucible (accuracy 0.1 mg) in a IKA C200 calorimeter. The lower
heating value (LHV) has been deduced from the HHV, removing the energy
required to bring the moisture content outside the sample, according to the
formula:

M  Mpg,oH
LHV =HHV — L, | — + —2—),
(100 * 200M g )
where L, = 2486 kJ /kg is the latent heat of water vaporization at 273 K, M
is the moisture content (%), Mpy,0o = 18 g/mol is the molar mass of water,
Mpg,0 = 1 g/mol is the molar mass of hydrogen and H is the percentage of
hydrogen of the sample and given in Table 2 below.
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Palm fiber has the greater percentages of moisture and ash among the
three materials. It has also the greater higher and lower heating values. T-
shirt has the higher volatile percentage, the lower fixed carbon percentage
and the lower higher and lower heating values. Hydrolysis lignin has the
higher fixed carbon percentage.

The results of the ultimate analyses performed on the three materials
under consideration are gathered in Table 2.

Table 2
Ultimate analyses of the three materials.

C H O N S
T-shirt 45.5 6.6 475 0.3 <0.1
Palm fiber 62.0 9.1 274 1.3 0.2
Hydrol. Lignin 59.5 6.6 33.7 0.2 <0.1

Palm fiber has the higher percentage of carbon among the three materi-
als. T-shirt has the higher oxygen percentage. In each material, the sulfur
percentage is very low. This is interesting when considering these materials
for energy production, as sulfur is known to degrade the devices.

2.1.2. Van Soest’s protocol

In [16], Van Soest et al. proposed a protocol to determine the fractions of
extractives, hemicellulose, cellulose and lignin in a lignocellulosic material. It
consists of four stages. In the first stage, a neutral detergent fiber is used to
solve the extractive part of the sample. In the second stage, an acid detergent
fiber is used to solve the hemicellulose part of the sample. In the third stage,
the cellulose part is removed using sulfuric acid at 72% in mass. In the
final fourth stage, the lignin part is removed through a calcination process.
Between each stage, the sample is weighed. The chemical composition of
these four constituents may be summarized as follows, [19], [2], [20], [4]:

e The extractives mainly include waxes, fats, resins, tannins, sugars,
starches, pigments... The maximal mass rate for extractives is ap-
proximately reached at 205 °C.

e Hemicellulose is composed of short-chain heteropolysaccharides and
presents anamorphous and branched structure. Although the shape
of the polysaccharide chain is similar to that of cellulose, the degree



12 of polymerization of hemicellulose is only approximately 200 on av-

103 erage, [21]. The monosaccharide units constituting hemicellulose in-
194 clude mainly hexoses (glucose, mannose and galactose) and pentoses
195 (xylose and arabinose), as well as some other low-content saccharides
196 (rhamnose and fructose). In addition, there are some uronic acids (4-O-
17 methyl-d-glucuronic acid, d-glucuronic acid, and d-galacturonic acid)
198 and acetyl groups in the hemicellulose structure. The maximal mass
199 rate for hemicellulose is approximately reached at 270 °C.

200 e A cellulose molecule is a long-chain, linear polymer (CgH10O5),,, made
201 up of 7000 to 12,000 D-glucose monomers. Individual cellulose mole-
202 cules organize to form bundles, which are associated into larger par-
203 allel fiber structures. In the first stages of its pyrolysis process, cel-
204 lulose is being depolymerized in order to build active cellulose. Then
205 follow a solid phase and a liquid phase. At around 260 °C, the lig-
206 uid phase reaches the ebullition point and interacts with the solid
207 phase. At temperatures higher than 230 °C, the main constituents
208 emitted by cellulose are: hydroxyacetaldehyde, glyoxal, methanol, wa-
200 ter, 5-hydroxymethyl-furfural, carbon monoxide and carbon dioxide.
210 The thermal degradation of cellulose is essentially due to the scission
211 of polymeric chains, a number of -glucosidic bonds being broken [22],
212 [23]. The cellulose degradation process can be characterized in terms
213 of the degree of polymerization with respect to the time parameter,
214 leading to the kinetic equations derived from the first or pseudo-zero
215 order Ekenstam’s relationship, [24], for example. The maximal mass
216 rate for cellulose is approximately reached at 327 °C.

27 e Lignin is mainly anamorphous tridimensional polymer composed of
218 three basic units: p-coumaryl (4-hydroxycin-namyl), coniferyl (3-methoxy4-
219 hydroxycinnamyl) and sinapyl (3,5-dimethoxy4-hydroxycinnamyl) al-
220 cohols. The thermal degradation of lignin usually occurs in a wide
221 temperature range.

22 The chemical reactions which occur during the pyrolysis of a lignocellu-
»3 losic material have been described in [25].

224 The values of the mass fractions of extractives, hemicellulose, cellulose

»s and lignin are gathered in Table 3, with a sum equal to 100% for each mate-
26 rial.
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Table 3
Mass fractions (%) of the four constituents for the three biomass, as deter-
mined through Van Soest’s protocol.

Extractives Hemicellulose Cellulose Lignin

T-shirt 7.2 0.8 91.2 0.8
Palm fiber 474 16.6 23.3 12.6
Hydrol. Lignin 12.2 2.3 19.2 66.3

The four samples here present large differences. Palm fibers contain a
very large proportion (almost half) of extractives. On the contrary, hydrol-
ysis lignin contains low proportions of extractives and hemicellulose, but a
very high proportion (2/3) of lignin. T-shirt sample contains a very high
proportion of cellulose. Cotton is indeed known to have a very high cellulose
percentage. These proportions will impact the thermal degradation profile
of the materials as exposed in Figure 1 in section 3.1.

2.1.3. Thermogravimetric analysis under nitrogen

Once these materials have been characterized, their thermal degrada-
tion profiles have been analyzed performing thermogravimetric analyses in a
thermobalance (Q600, TA Instruments) under a non-oxidative (pure nitro-
gen) atmosphere. A sample of around 10 mg was put in the alumina crucible
of the thermobalance and heated from ambient temperature to 900 °C, un-
der a low temperature rate (10 °C/min). The gas flow rate was fixed at
60 mL/min. Reproducibility tests (at least three) were performed for each
biomass, with good agreement.

2.2. Modeling the thermal degradation of materials through the EIPR model

Different methods and models have been proposed to simulate the ther-
mal degradation of materials under low temperature ramps and under a
non-oxidative atmosphere. The present study will focus on the EIPR model,
following [5], [6] and [26]. The EIPR model superimposes the thermal degra-
dations of the initial masses of the constituents of the sample, these degra-
dations being supposed to occur in an almost independent way. The initial
mass my,; of the sample is decomposed as m;,; = m (0) +mgsn + Mpum, where
m (0) (resp. Mash, Mpum) is the mass of volatiles which are emitted and of
char which is produced (resp. ashes, humidity) in the sample. At time ¢, the
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remaining mass m (t) of the sample which can produce volatiles and char is
given by:

I I
m(t) = mi(t) =) (mi(0) = miy, (1)),
i=1 i=1

where m; (t) is the mass of volatiles and of char contained in the constituent
i (i = 1,...,1) of the sample at time ¢, m; (0) is the initial mass of the
constituent 7, which may be computed as a fraction of the overall mass of
the sample: m; (0) = c¢;m (0) and m;,,, (t) is the mass of volatiles emitted
by the constituent i of the sample (i = 1,...,1), at time ¢. The number of
constituents of the material and the fraction coefficients ¢; of these different
constituents have to be determined, which is not an easy task. The overall
number [ of constituents of the lignocellulosic material to be considered in
the EIPR model is determined both taking into account the mass fractions of
the constituents as indicated in Table 3 and observing the number of peaks
of the mass rate curve. The fraction coefficients of these constituents may
be deduced from the proportions of extractives, hemicellulose, cellulose and
lignin given in Table 3.

The evolution of the mass of volatiles emitted by the constituent i is
written as:

dmgol,i €
— )=k (T(t) f (mmz,z' (t>) ’ (1)
mS,,; (0) =0,

vol,i
where T'(t) is the temperature at time ¢ in the sample which is supposed
to be homogeneous inside the whole sample (expressed in K). Here f is a
reaction function, which may be expressed in terms of the overall extent of
conversion « defined at time ¢ through:

o(t) = mo — m (t)

(2)

where my is the initial mass, m (¢) is the mass at time ¢ and my is the final
mass of the sample, through:

mo —my

e the first-order, or Mampel, reaction function: f (o) =1— a,
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then Avrami-Erofeev reaction function of second-order:
fl@)=2(1—a)(~In(1—a))"?

the Prout-Tompkins reaction function: f (a) = a (1 — «),

the chain scission function f (o) = 2 (a®® — «),

the 3D diffusion function:

151 —a)
f(a)——l_(l_a)l/ga (3)

among many others. In most cases, the first-order reaction function gives
satisfying results. The Avrami-Erofeev reaction function of second-order has
been successfully used to simulate the pyrolysis of cotton make-up remover
in [28].

In the above equation (1)1, the kinetic constant k; (7") obeys an Arrhenius
law: k; (T') = A;exp (—Ea;/RT), where A; (resp. Ea;) is the pre-exponential
factor (resp. the activation energy) for the devolatilization stage of the con-
stituent 1.

The problem (1) is solved using the numerical software Scilab (version
6.0.1) and especially its routines ’ode’ and ’datafit’, to determine the opti-
mal set of kinetic parameters (A;, Fa;). For this optimization process, an

objective function (error) is built F ((%—T)exp, (‘Z—T)Sim), where (‘fi—rt")sim =

D it dmjt"l”" is the simulated mass rate and (%—T)exp
mass rate. The objective function should lead to a unique set of kinetic pa-
rameters, for example to prevent from a possible kinetic compensation effect.
Once the objective function F' has been chosen and choosing initial values of
the kinetic parameters, the Scilab routine datafit finds the optimal values of
the kinetic parameters which minimize this objective function. Further ob-
serve that the numerical resolution of the problem (1) with the Scilab routine

ode leads to almost negligible errors.

is the experimental

3. Results and discussions

3.1. Thermal degradations under nitrogen

The mass loss and mass rate curves describing the thermal degradation
of each sample under nitrogen and under a temperature ramp of 10 °C/min
are presented in Fig. 1.

10
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Fig. 1. Mass loss and mass rate curves for T-shirt (a) and b)), palm fiber
(c) and d)) and hydrolysis lignin (¢) and f)) under nitrogen and a
temperature ramp of 10 °C/min.

Temperature (°C)

Due to the high presence of cellulose in the T-shirt sample, a high and
thin devolatilization peak appears whose maximal height occurs at around
344 °C. Another small peak appears before 120 °C which corresponds to the

moisture evaporation. After the main peak, a small tail appears which ends
at almost 500 °C.

11



316 Surprisingly, the mass loss rate curve of palm fibers exhibits four peaks.
517 The first one occurs before 120 °C and surely corresponds to moisture evapo-
s1is ration. The three other ones which respectively occur at 211, 281 and 346 °C
a9 correspond to devolatilization stages of the different constituents of the ma-
w0 terial, among which are the extractives whose proportion is very high, see
s Table 3. Notice that the maximal height of the peaks increases with the
1 temperature, which gives an idea of the relative mass fraction of each con-
13 stituent to be considered when modeling the thermal degradation of the palm
24 fibers through the EIPR model. At the right-hand side of the fourth peak,
»s a quite important tail appears which corresponds to the end of the lignin
36 decomposition.

327 The mass rate of hydrolysis lignin presents a unique devolatilization peak
»s  whose maximal height occurs at around 341 °C. But an important shoulder
»9 appears at the right-hand side of this unique peak and a long tail ends at
;30 around 800 °C.

331 The three materials present very different thermogravimetric profiles un-
32 der pyrolysis, which justifies their choice, apart from their different origins,
;33 characterizations as indicated in the previous section and uses as renewable
s combustible.

335 Because the moisture evaporation stage is not the core of the present
136 study, the simulations of the thermal degradations of these materials will be
;37 presented in the temperature range 150-850 °C.

18 3.2. Determination of the kinetic parameters associated to the pyrolysis process

330 In the present study, the above problem (1) is solved first considering a
s number of constituents depending on the material. In the simple case of the
s 'T-shirt sample, a unique constituent may be considered which corresponds
s to cellulose. This is confirmed looking at the proportions of the different
s3  constituents given in Table 3. In the case of palm fibers, four constituents
us  have to be considered which correspond to extractives, hemicellulose, cellu-
us lose and lignin. But comparing the proportions given in Table 3 and the mass
15 rate curve of palm fiber under nitrogen (Figure 1 d)), these proportions are
w7 not really adapted. From the area located under each peak or shoulder, it
us is indeed possible to get an estimate of the proportion of each constituent
s9  which is being removed. In the case of palm fibers, this means that part of
50 the extractives are being emitted with the other three constituents. Modeling
351 the pyrolysis of palm fibers with the proportions of Table 3 in fact leads to
32 a poor agreement with the experimental results, whatever the initial guesses

12
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of the kinetic parameters. In the case of hydrolysis lignin, three constituents
are considered, which means that the low proportion of extractives can be
joined by half to that of hemicellulose and cellulose. The number of con-
stituents and their proportions which will be considered for each biomass in
the present study are summarized in Table 4.

Table 4
Mass fractions of the four constituents for the three biomass, as deduced
from a comparison between Table 3 and the mass rate curves presented in
Figure 1.

Extractives Hemicellulose Cellulose Lignin

T-shirt 0.0 0.0 100.0 0.0
Palm fiber 20.0 24.0 35.0 21.0
Hydrol. Lignin 0.0 8.4 25.3 66.3

Only Mampel, or first-order, reaction function (f (a) = 1 — «) is here
considered for the simulation of the thermal degradation of the three ma-
terials. As indicated in section 2.2, initial guesses of the kinetic parame-
ters and an objective function have to be chosen to determine the opti-
mal values of these kinetic parameters. The initial guesses are chosen pair
by pair, trying to superimpose the experimental and simulated mass and
mass rate curves. Once the initial guesses (A, Fa) of the kinetic parameters
have been determined, different objective functions have been tested plot-
ting the values of the difference between the experimental and simulated
mass and mass rate curves for values of the kinetic parameters lying in the
domain [0.8 x A,1.2 x A] x [0.8 x Ea,1.2 x Ea]. The objective function de-
fined through:

2

J=1

seems to present properties which lead to a unique set of optimal values of
the kinetic parameters. Here the t; are selected experimental measure times,
regularly distributed along the overall experiment duration t,,,,. Taking J
approximately equal to 150 indeed reduces in a significant way the computing
time.
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The variations of the objective function given in (4) with respect to A
and Fa present the properties which lead to a unique set of optimal values
of the kinetic parameters, as shown in Figure 2, whatever the sample. In the
case of palm fiber, these variations have been considered around the kinetic
parameters associated to the decomposition of hemicellulose. In the case of
hydrolysis lignin, these variations have been considered around the kinetic
parameters associated to the decomposition of cellulose.
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Fig. 2. Values of the objective function with respect to A and Fa for

under nitrogen and temperature ramp of 10 °C/min.

14



389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

407

408

409

410

411

Considering variations around the other pairs of kinetic parameters leads
to quite similar curves which means that this quartic objective function seems
to be adapted to the determination of the optimal kinetic parameters for the
pyrolysis of these materials.

The optimal values of the kinetic parameters associated to the thermal
degradation of the three materials under nitrogen and a temperature ramp
of 10 °C/min and simulated through the EIPR model with the first-order
reaction function and the objective function given in (4) are gathered in
Table 5, together with the maximal difference between the experimental and
simulated mass rate curves.

Table 5

Optimal values of the kinetic parameters for the thermal degradation of the
three materials through the EIPR model under nitrogen and a temperature
ramp of 10 °C/min and maximal differences between the experimental and
simulated mass rate curves.

T-shirt Palm fiber Hydrol. Lignin
A; (1/s) —  6.55 x 107 -
Ea; (kJ/mol) - 9.5 x 10* -
Ay (1/s) - 1.02 x 108 1.30 x 10°
Fay (kJ/mol) - 1.08x10° 9.45 x 10*
As (1/s) 1.65 x 10 5.92 x 10° 1.08 x 10°
Eas (kJ/mol) 2.03 x 10°  1.29 x 10° 1.33 x 10°
Ay (1/5) — 22.00 1.16
Fay (kJ/mol) - 5.20 x 10* 3.60 x 10*
max. diff. (%/s) 3.66 x 1072 2.06 x 1072 1.18 x 1072

The maximal differences between the experimental and simulated mass
rate curves obtained through the EIPR model with the first-order reaction
function have to be compared to the maximal height of the experimental
mass rate curves. For each material, these maximal differences represent
around 1/10 of the maximal height.

The simulated mass and mass rate curves obtained for the three materials
are gathered in Figure 3. For each material, the initial mass sample has been
normalized at 100% at 150 °C, for comparison.
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Fig. 3. Experimental (blue) and simulated (red) mass and mass rate
curves for T-shirt (a) and b)), palm fiber (¢) and d)) and hydrolysis lignin
(e) and f)) under nitrogen and a temperature ramp of 10 °C/min.

Even if the EIPR model is here based on a first-order reaction function,
the simulations presented in Figure 3 reflect in a satisfying way the thermal

degradation of the materials under nitrogen and for a temperature ramp of
10 °C/min.

Remark 1. Observing carefully the mass rate curve of hydrolysis lignin, Fig.
1 f), it is possible to observe a shoulder and a long tail on the right-hand
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side of the unique devolatilization peak. This may be the consequence of
different stages in the pyrolysis of the lignin part of this material which rep-
resents around 2/3 of its mass. The pyrolysis of lignin has been analyzed
by the different authors who observed different stages corresponding to the
degradation of chemical bonds in different temperature ranges, see [27] for
example. As a consequence, it is possible to simulate the pyrolysis of hy-
drolysis lignin considering four constituents: hemicellulose, cellulose and two
lignin parts. Taking the proportions of these four constituents respectively
equal to 8.4, 25.8, 42.0 and 24.3%, compare to Table 4, the optimal val-
ues of the kinetic parameters returned by the improved EIPR model are:
Ag = 6.80 x 10° 1/s, Fay = 1.05 x 10° kJ/mol, Ac = 6.40 x 10® 1/s,
Fac = 1.30 x 10° kJ/mol, Ay, = 152 1/s, Ear, = 4.80 x 10* kJ/mol
and Ar, = 0.68 1/s, Ear, = 4.10 x 10* kJ/mol. The mazimal difference
between the experimental and simulated mass rate curves is here equal to
7.8 x 1072 %/s, which is lower than that (1.18 x 1072 %/s) obtained when
considering three constituents in the hydrolysis lignin. This proves the im-
portance of the determination of the number of constituents to be considered
in a lignocellulosic material and of its proportions.

3.3. Other methods or models

The use of an EIPR model, and especially the independence of the thermal
degradation of the different constituents of the biomass, is questionable when
simulating the pyrolysis of materials, see [29], [30], where the interactions
between the constituents of a lignocellulosic material have been analyzed.

Different other methods or models have already been proposed in the
literature to simulate the pyrolysis of materials under low temperature ramps.

3.3.1. The Differential Isoconversional method
The differential isoconversional method starts with the equation, [7]:

D)=k (T 0) f (a0, )
which expresses the variations versus time of the extent of conversion « de-
fined in (2) for the whole material. In the above equation (5), k (7') is given
an Arrhenius expression k (1) = Aexp (—FEa/ (RT)) and the function f may
take different expressions, see section 2.2. Here A is the pre-exponential fac-
tor and Fa is the activation energy associated to the thermal degradation
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process of the whole material. Dividing the equation (5) by f (a(t)) and
taking the logarithm leads to:

1 da Ea
In (ma (t)) =ln(k(T(t) =In(A) — RT (D) (6)

To determine the values of the kinetic parameters A and Fa, the values of
the left-hand side of the preceding equality are plotted for successive values of
the extent of conversion and for different temperature ramps (at least three),
in terms of 1/7T. The ICTAC recommendations, [7], suggest to take values
of the extent of conversion with steps not larger than 0.05. The parameters
of the straight lines which are plotted for different values of the extent of
conversion using a linear regression lead to the determination of In (A) (hence
of A) and of Fa. The differential isoconversional method leads to values of
the kinetic parameters A and Fa which are global for the material but which
depend on the extent of conversion.

In the present context, the differential isoconversional method has been
applied to simulate the pyrolysis of palm fibers. Three temperature ramps
have been considered, namely 5, 10 and 20 °C/min. Mampel’s reaction
function has been tested. The linear regressions associated to the equation
(6) for values of the extent of conversion between 0.25 and 0.50 lead to the
following straight lines represented in Figure 4.

1/T(K?)
1.656-03 1.70E-03 1756-03 1.80E-03 1.85E-03 1.90E-03
30 alpha=0.25
v =-289209x + 48.954
R =0.9868
35 alpha=0.30
_ v = -30168x + 50.368
= R = 0.9609
E -4.0 alpha=0.35
= y = -33486x + 55.376
:': 45 R? =0.9526
= alpha=0.45
- . v = -37083x + 60.589
-3.0 R? = 0.0496
alpha=0.50
55 v=-37110x+59.477
R® =0.9728

Fig. 4. Linear regressions obtained when applying the differential
isoconversional method to the pyrolysis of palm fibers.
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The coefficients of the regression lines lead to the values of the kinetic
parameters gathered in Table 6. The determination coefficients are approxi-
mately equal to 0.82 which is low.

Table 6

Values of the kinetic parameters determined through the differential isocon-
versional method for the pyrolysis of palm fibers and for successive values of
the extent of conversion.

« A (1/s)  FEa (kJ/mol) a A(1/s)  Ea (kJ/mol)

0.05 1.04 x 10° 99.9 0.55 2.51 x 10% 263.1
0.10 1.36 x 10° 102.4 0.60 5.87 x 106 212.6
0.15 2.61 x 10 125.3 0.65 2.05 x 106 208.7
0.20 9.94 x 10?8 208.7 0.70 1.48 x 10'7 220.1
0.25 1.74 x 104 434.7 0.75 5.49 x 10 253.1
0.30 1.82 x 10* 240.5 0.80 5.21 x 10% 332.1
0.35 7.49 x 102 250.8 0.85 1.46 x 10'® 254.9
0.40 1.12 x 10 278.4 0.90 2.67 x 10° 115.1
0.45 2.06 x 10%° 308.3 0.95 9.01 x 107 167.4
0.50 6.77 x 10% 308.5

The values present large variations, especially for low and large values of
the extent of conversion, that is when small amounts of materials are being
degraded at the beginning or at the end of the pyrolysis process. The mean
value of the activation energies for values of the extent of conversion between
0.30 and 0.75 is equal to 254.4 kJ/mol and that of the pre-exponential factor
is equal to 2.75 x 10?5 1/s. These mean values are much higher than that
returned by the EIPR model as indicated in Table 5.

With these values of the kinetic parameters, it is possible to simulate
the thermal degradation under nitrogen of the palm fibers for a temperature
ramp equal to 10 °C/min. First stepwise functions with respect to time A ()
and Fa (t) are defined linking the values of the extent of conversion to the
corresponding experimental times. Then the equation (5) is solved using
Scilab, with the initial value o (0) = 0. The results of these simulations are
gathered in Figure 5.
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Fig. 5. Experimental (red) and simulated (grey) mass (a)) and mass rate
(b)) curves, as returned by the differential isoconversional method

considering the pyrolysis of palm fibers under a temperature ramp of 10
°C/min.

In the simulations, the mass starts decreasing later than in the experimen-
tal curve but decreases very fast, because of the high values of the kinetic
parameters returned by the differential isoconversional method. A unique
devolatilization peak appears in the simulated mass rate curve later than in
the experimental one, which is too high and too thin.

Such a poor reconstruction process of the thermal degradation of lignocel-
lulosic materials through the differential isoconversional method has already
been observed in [28] in the case of cotton residue. One mathematical reason
may be the use of logarithm and exponential functions in the construction
of the differential isoconversional method, see (6), which may lead to uncon-
trolled errors. Another mathematical reason may be the use of the first-order
reaction in the present case. In the above-described case of cotton residue, a
3D reaction function (3) has also been tested, but with poor simulations. One
chemical reason to this poor agreement may be that the thermal degrada-
tion of a lignocellulosic material is not so easy to simulate with the "global"
differential isoconversional method.

3.8.2. The Distributed Activation Energy Method

A Distributed Activation Energy Method (DAEM) has been used by
many authors to simulate the pyrolysis of different lignocellulosic materi-
als. It starts with the ordinary differential equation for the 7th constituent of
the material:
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d;: () = ki (T (1)) (1 — o (£))"™ = Ajexp (_ Rb;a(@-t)) L—a®r. @

where «; (t) is the extent of conversion of the ith constituent of the material

at time t and n; > 1 is a reaction order. If n; > 1, the direct integration of
this equation (7) leads to:

ai (t) =1- (1 +(n—1) /Ot A exp (_ R%Z)) ds) v

hence to

D= (1400 [ Ao (—)as) e S R];a&))é)

If n; = 1, the direct integration of the equation (7) leads to:

t Fa,
i ({) =P ( /0 P ( RT (S)> ds) ’
hence to

d;: (t) = oxp (_ /Ot A exp <—;E£F> ds) Ajexp <—R]§,—a{®> )

The DAEM method consists to replace the activation energy Fa; of the
1th constituent by a continuous distribution of activation energies with den-
sity f (£). Formula (8) becomes:

w0 [ (roon faem(a)e)
xAiexp(— E )f(E)dE

RT (1)

and formula (9) becomes:

dcgi )= /0°° o (_/otAi o (_ RT:E(S)) ds) (11)
% A; exp <— Rf<t)> f(E)dE.

21




530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

The density f (F) may be taken as a Gaussian, or a Weibull, or a logistic
function. It depends on a mean value Ey; and on a standard deviation o,
both given in kJ/mol.

Assuming that the degradations of the constituents of the material occur
through independent parallel reactions and that the fractions ¢; of these
constituents are known, the overall derivative of the extent of conversion
with respect to time is given as:

da L doy

—t)=) c—(t
where ¢; is the proportion of the ith constituent of the material, . =1,..., 1.
The triples (n;, Ey;,0;) are determined through an optimization procedure
which consists to minimize the least-square function or equivalent objective

functions:
EJ: <(Z_?)exp (t;) = (%)m (%’))2

j=1
In the present study, the pyrolysis of T-shirt and of palm fibers under a
temperature ramp of 10 °C/min has been simulated using the DAEM method

M) and taking the

202
reaction orders n;, i = 1 or 7« = 1,...,4 equal to 1. The integral occurring
in (11) has been reduced to that on [Ey; — 50y, Fo; + bo;] and has been
calculated with the Gauss-Lobatto algorithm with five points, dividing this
interval into 200 subintervals. The optimization step of the DAEM method
has not been considered in the present simulations and the values of the
kinetic parameters have been taken from Table 5, the mean values Ej; of
the activation energies being taken equal to Fa;. In the case of T-shirt, the
standard deviations ¢ has been taken equal to 8.0 kJ/mol. In the case of palm
fibers, the standard deviations o; have been taken equal to 1.0 kJ/mol. The
simulations seem to be relatively insensitive with respect to these standard
deviations.

The results of the simulations under these hypotheses are gathered in
Figure 6.

with the Gaussian density f (E) = #ﬁexp (—
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Fig. 6. Experimental (blue) and simulated (red) mass and mass rate
curves, as returned by the DAEM model considering the pyrolysis of T-
shirt (a)) and (b)) or palm fibers (¢)) and (d)) under a temperature ramp of
10 °C/min.

These simulated curves are in good agreement with the experimental ones.
In the case of T-shirt, the maximal difference between the experimental and
simulated mass rate curves is equal to 4.86 x 1072 %/s, to be compared to the
3.66 x 1072 %/s obtained with the EIPR model. In the case of palm fibers,
the maximal difference between the experimental and simulated mass rate
curves is equal to 1.92 x 1072 %/s, to be compared to the 2.06 x 1072 %/s
obtained with the EIPR model.

In [31], the authors applied the DAEM method to simulate the pyrolysis of
lignocellulosic materials using the logistic function and a reaction order n =
2.0 and they found a pre-exponential factor equal to 10'° 1/s, an activation
energy equal to 150 kJ/mol a standard deviation ¢ = 10 kJ/mol.

The advantages and disadvantages of the three methods or models which
have been presented may be summarized as:

e The three method and models are based on similar first-order differen-
tial equations which express the evolution with respect to time either
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of the global extent of conversion (in the case of the DIC method) or
of the mass or extent of conversion of each constituent of the lignocel-
lulosic material (in the cases of EIPR or DAEM models). The DIC
method considers only one differential equation. The EIPR model con-
siders as many differential equations as the number of constituents to
be considered. This number is derived from the characterization of the
material through Van Soest’s protocol and from the observation of the
experimental mass rate curve. The DAEM model considers an infinite
series of differential equations.

The EIPR and DAEM models return a unique couple of kinetic parame-
ters (pre-exponential factor and activation energy) for each constituent
of the lignocellulosic material. These kinetic parameters are indepen-
dent of the time parameter. On the contrary, the DIC method returns
a unique couple of kinetic parameters which are global for the material.
But this couple depends on the extent of conversion, hence on the time
parameter.

The EIPR and DAEM models are based on the hypothesis that the
thermal degradations of the constituents of a lignocellulosic material
occur in an independent way. These models need the proportions of
the constituents of the lignocellulosic material. As previously described,
these proportions may be obtained applying Van Soest’s protocol. But
these experimental proportions may sometimes be corrected, because
the thermal degradation of the material involves complex chemical re-
actions.

The EIPR model needs the resolution of first-order differential equa-
tions describing the evolutions with respect to time of the remaining
mass of each constituent of the sample or of the associated extent of con-
version. The DAEM model converts this differential equation through
an integration "by hand" to an expression of the extent of conversion in
terms of an integral, whose computation needs a software. The DAEM
model further introduces a continuous density of activation energies
through a second integral with respect to the activation energies. Both
models require a software to determine the optimal values of the kinetic
parameters. The DIC model only requires a software which computes
linear regressions for successive sets of at least three points (experimen-
tal thermogravimetric results corresponding to at least three different
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temperature ramps).

e The EIPR and DAEM models lead to almost the same optimal values of
the kinetic parameters. They return simulations of the mass and mass
rate curves which are in a good agreement with the experimental ones.
On the contrary, the reconstruction process of these mass and mass rate
curves based on the values of the kinetic parameters returned by the
DIC model are not in good agreement with the experimental curves.

4. Conclusion

Throughout the present study, the thermal degradation of three different
biomass has been analyzed under a non-oxidative atmosphere and under the
same temperature ramp of 10 °C/min. These three biomass have first been
characterized and especially their mass fractions of extractives, hemicellulose,
cellulose and lignin have been determined through Van Soest’s protocol. To
simulate the thermal degradation of these biomass, the EIPR model has first
been used with a first-order reaction function. This leads to first-order differ-
ential equations which express the evolution of the mass of each constituent
of the biomass with respect to time. The number of constituents to be con-
sidered and their proportions have been deduced from the results returned by
Van Soest’s protocol and observing the experimental mass rate curves. The
ordinary differential equations have been solved using Scilab software. The
optimal values of the kinetic parameters have been determined building a
quartic objective function to be minimized, which involves the experimental
mass rate. This objective function leads to a unique couple of kinetic para-
meters for each constituent of the biomass. For each biomass, the maximal
difference between the experimental and simulated mass rate curves has been
computed which proves that the simulated mass and mass rate curves are in
good agreement with the experimental ones.

The thermal degradations under nitrogen of these biomass have also been
simulated with the differential isoconversional method and with a Distributed
Activation Energy Model. The advantages and disadvantages of these model
or methods have finally been compared.

Even if the present study focused on the simulation of the pyrolysis of
these three materials and under the same temperature ramp of 10 °C/min,
the tools which are proposed can be applied to simulate their pyrolysis under
other low temperature ramps. The same tools can also be applied to simulate
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the pyrolysis of other lignocellulosic materials. Finally, the same tools can
be applied to simulate the combustion of lignocellulosic materials under low
temperature ramps, as the model here involves a further differential equation
which describes the evolution of the mass of the char which is burnt.
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