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This work deals with pyrolysis decomposition of wood chips and the main com-
ponents of wood by thermogravimetric analysis (TGA). Experiments were carried
out in the inert atmosphere of nitrogen. The pyrolysis temperature range was varied
linearly from 20 °C to 900 °C with the heating rate equal to 5 K min™! to detect
all the changes without overlapping. Samples of cellulose, hemicellulose and lignin
were used as main components of wood. Thermogravimetric (TG) and differential
thermogravimetric (DTG) curves were obtained from experimental data. These records
were compared with those obtained by mathematical modeling. The distribution activa-
tion energy model (DAEM) was used for mathematical description of experimental
data and the prediction of kinetic parameters. According to the DAEM approach, every
possible decomposition reaction with various values of activation energies is in progress
at each time and temperature. Preexponential factors, mean activation energy and
variance were obtained as kinetic parameters. This model is able to describe the integral
decomposition curve of biomass, however, a problem occurs when describing the differ-
ential curve of biomass thermal decomposition. In general, this model does not accu-
rately describe the decomposition of materials, which are a mixture of several com-
pounds.
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Introduction process, the biomass changes into gases, liquid oils
and char. The information dealing with pyrolysis
and thermal analysis is reviewed in the papers of
Colomba Di Blasi® and John E. White.® Thermo-
gravimetric analysis (TGA) is often used for experi-
mental monitoring of pyrolysis decomposition.’
The basic principle of thermogravimetric analysis is
online measurement of mass changes as functions
of temperature or time. This analytical method is
not used only for thermal decomposition of plant or
animal biomass,®? but also for thermal decomposi-
tion of other materials such as medical wastes,!”
waste car tires,!! printed circuit board wastes'? or
sewage sludge.'>'* The thermal decomposition run

Primary processing of wood is responsible for
a large amount of wood waste which still contains
significant energy potential. It would be wasteful
not to utilize this residue and lose its energy content
to a dump, especially in times of ever-growing en-
ergy dependence. Moreover, a higher level of utili-
zation of residual biomass energy potential would
slow down the depletion of fossil fuel reserves. Us-
ing biomass instead of fossil fuel contributes to the
reduction of CO, emissions. Biomass is considered
a CO,-neutral source of energy,!? because the
evolved amount of CO, at combustion is compen-
sated by the amount of CO, necessary for the pho-

tosynthesis process. Energy and heat are not the
only products that biomass can offer. Biomass is a
potential source for the production of the same
chemicals as those produced nowadays from crude
oil.2

There are several possibilities for converting
biomass into valuable products.> One of these pro-
cesses is pyrolysis, which belongs to the subgroup
of thermochemical processes. During the pyrolysis
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of wood biomass depends on the mass ratio of its
main components, namely: hemicellulose, cellulose
and lignin.'>!® Since hemicellulose contains a mix-
ture of different sugar units, a pure substance can-
not be obtained. Xylan is the most abundant poly-
saccharide present in hemicellulose; therefore,
hemicellulose is often substituted by xylan.!” The
temperature range of hemicellulose and cellulose
decomposition has been estimated to be about
220-315 °C and 315400 °C, with a maximum
mass loss rate of about 268 °C and 355 °C.!* Ther-
mal decomposition of lignin occurs in a wide tem-
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perature range from 180 °C to 900 °C, and its maxi-
mum mass loss rate is not as clear as in the case of
hemicellulose and cellulose. Solid residues (mostly
char) after pyrolysis depend on the type of biomass
used. The thermal degradation process can be af-
fected by operating parameters such as temperature,
pressure, heating rate, or by the properties of the
biomass used such as shape and size of particles,
composition, moisture, etc. Increasing the heating
rate results in a shift of the integral conversion
curve towards higher temperatures, and hence, of
course resulting in a shift of the differential curve."
The size and shape of the particles influence the
heat transfer into the particle and mass transfer
from the particle. Therefore, it is very important to
ensure the best possible contact between the parti-
cle and the heating area.>*°

Mathematical description of biomass decompo-
sition kinetics is one of the main problems of pyrol-
ysis. Since several decomposition reactions take
place, and their mechanisms are unknown, various
mathematical approaches have to be used?'=2 to de-
scribe the process of decomposition. Very often, the
approaches used are isoconversional models, which
presume that kinetic parameters, such as the pre-
exponential factor and activation energy, are incon-
stant during the process of decomposition but are
dependent on conversion.'®?6-28 Another model of-
ten used is the so-called lumped kinetic model?*=3!
which presumes an ultimate number of parallel de-
composition n-th order reactions. These partial re-
actions contribute to the overall decomposition run.
Recently, the distributed activation energy model
(DAEM) has been used frequently. This model be-
longs to multi-reaction models because it presumes
that many decomposition n-th order reactions with
distributed activation energies occur simulta-
neously.’>34 In comparison, the principle of the
lumped kinetic model is very similar and the main
difference is in the number of expected decomposi-
tion reactions. In case the lumped kinetic model
contained around one-hundred decomposition reac-
tions, it would be approaching the distributed acti-
vation kinetic model. The distributed activation en-
ergy model is not only used for the description of
biomass pyrolysis decomposition kinetics and its
main components,* but also for the description of

Table 1 — Characterization of wood sample composition

the thermal decomposition of coal3® and other ther-
mally degradable materials.'>3’

The aim of this work is to test the suitability of
the distributed activation energy model for predic-
tion of thermal decomposition of wood, which is
not just a simple substance but a mixture of several
compounds, meaning that the decomposition pro-
ceeds in more steps.

Material and methods

Wood samples for thermogravimetric analysis
were taken from the residual processing wood com-
ing from a wood waste gasification plant in Nova
Dubnica. Due to the above-mentioned particle-size
effect, the wood chips with diameter of about
50 mm were milled mechanically with a grinder
into smaller chips of about 1-2 mm diameter. The
milled wood chips were stored in a small glass bot-
tle in order to prevent contact with air moisture.
Samples of hemicellulose (Slovak Academy of
Sciences), cellulose (NIST, RM 8495, Northern
Softwood) and lignin (Borregaard, Lignin section,
Sarpsborg, Norway) were obtained from external
sources.

Elemental composition and higher heating
value of used wood chips are presented in Table 1.

Pyrolysis of wood chips and main components
of wood was performed using the thermogravimetric
equipment STA 409 PC Luxx (NETZSCH-Gerite-
bau GmbH, Germany). A vertical TG/DSC holder
was used (but DSC measuring was not considered).
To achieve pyrolysis conditions, a nitrogen atmo-
sphere was used. Nitrogen was used as the purge
and protective gas protecting the micro-balance
against possible pollutants. The volume flow of ni-
trogen was set to 60 mL min' for the purge gas,
which swept away product gases, and 10 mL min!
for the protective gas protecting the balance. Due to
the buoyancy effect, correction measurements were
carried out. Thermogravimetric measurements were
performed at the heating rate of 5 K min™!. AL, O,
crucibles were used. The furnace space had to be
inertized for 30 minutes in order to get rid of all re-
mains of oxygen. The mass of the samples was be-
tween 11-14 mg. This amount is sufficient to create

Component Ash (%)? C (%) H (%)°

ob FC (%) VM (%) | HHV¢ (MJ kg

Content, mass % 5.93 48.23 6.09

39.75 24.78 69.29 19.78

FC — fixed carbon, VM — volatile matter, HHV — higher heating value
Athe residuum after combustion

bcalculated from difference

determined by elementary analysis

dealculated according to Channiwala and Parikh?®
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a good contact area between the crucible and the
sample. The temperature decomposition ranged
from laboratory temperature of around 20 °C to
900 °C. At the end of the heating process, isother-
mal mode was set to 10 min to ensure that the pro-
cess is over. During the heating, the mass of the
sample was recorded. To measure the actual sample
and furnace temperatures, thermocouple types S
were used.

Distributed Activation Energy Model

The distributed activation energy model be-
longs to multireaction models. The basic assump-
tion of DAEM is that many decomposition reac-
tions take place. It can be simply imagined as a
summation of an unlimited number of parallel sin-
gle step decomposition reactions, where each reac-
tion has the following form:

dm; (
- = kOI exXp

det RT

)(m - m) (1)
where subscript i means one of several constituents,
m is the total released mass for ith constituent, ¢ is
tlme ky; 1s the preexponential factor, E; is the acti-
vation energy, R is the gas constant and 7 is the ab-
solute temperature.

If the number of decomposition reactions is
high enough, it can be assumed that activation ener-
gies of these reactions are distributed, and the reac-
tions can be expressed as a function of the activa-
tion energy.®

dm" = m f(E)E ()

The right-hand side of eq. (2) expresses the
fraction of maximum mass loss m" in the given in-
terval of activation energy. The activation energy
distribution can be considered using the Gauss,
Gamma or Weibull distribution functions. Since,
the integral curve of biomass pyrolysis decomposi-
tion is similar to the Gauss function, Gauss distribu-
tion is often used to describe activation energy dis-
tribution.

DAEM equation valid for nonisothermal time
dependent temperature regime can be derived by
the combination of eq. (1) and (2) using the Gauss
distribution and it is given as:

w [ T
X = fexp{ ky exp (RI;)dT —
E—-E,)*| ©
| 20) dE
20

change of ky, Ej, ©

where £ is the heating rate, o is the variance and E,
is the mean activation energy. Constant value of
the preexponential factor for every decomposition
reaction with various activation energies® is as-
sumed. The value of the preexponential factor can
be expressed as a function of activation energy or
temperature.>* Parameter X, in eq. (3) represents
the percentage of thermal unexpanded residue of
the sample, and can be experimentally evaluated
from thermogravimetric data according to the equa-
tion:

Ko = @

where m; is the mass of the sample residue at
given temperature, m, is the mass of the
sample residue at the beginning of decomposi-
tion, and m, is the mass of the sample residue
at the end of the process. Preexponential factor,
mean activation energy and variance are three ki-
netic parameters optimized to reach a minimum of

eq. (5):

M.F = (Xoy = Xone) (5)
1

A computer program has been created in
MATLAB to perform the numerical calculation
of eq. (3) where the temperature integral and the
integral of the activation energy distribution func-
tion were calculated by the trapezoidal rule.
The calculating procedure of DAEM Kkinetic para-
meter optimization is shown in the block scheme in
Fig.1.

[ 0ading of T,,,(), X)) B, = 11 |

¥

| estimation ko, Eq, 0 |

[F=o

i=1 / Gauss integral calculation (eq.3) |

[ calcutation of X....0) (eq.3)

Arrhenius integral calculation (eq.3) |

j=2nn

B

no |:'€_| yes
L]

'I end, ko, Eg, © |

Fig. 1 — DAEM kinetic parameters optimization block
scheme
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Results and discussion

Thermal decomposition of wood

A typical decomposition record of used wood
chips is shown in Fig. 2. It can be seen that bonded
water and air moisture start to evolve first. The end
of drying is at about 160 °C. The process of biomass
pyrolysis begins above this temperature. From the
detailed decomposition of wood main components,
shown in Fig. 3, paper,!® suggests that the first local
minimum on the DTG wood decomposition curve
(Fig. 2) corresponds to the time when the maximum
decomposition rate of hemicellulose is reached.
Global minimum on the DTG wood decomposition
curve corresponds to the time when the maximum
decomposition rate of cellulose is reached. Thermal
decomposition of lignin does not have such a signifi-
cant behavior as the other two compounds; more-
over, the maximum decomposition rate overlaps with
that of cellulose, meaning that the global minimum
on the DTG wood decomposition curve is also en-
hanced by the decomposition of lignin. What can be
distinguished as a contribution of lignin decomposi-

1.04 O = 0.000
0.84 water
evaporation —-0.004
0.6- X
X (@xidry, {-0.008 ©
0.4 ' e
; 1-0.012
02 i (dX/dT)C‘max :..::
0.0 : : , 0.016
400 600T/K 800 1000

Fig. 2 — Experimental TGA (solid) and DTG (dashed)
wood chips curves of pyrolysis run at the heating
rate of 5 K min™!
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Fig. 3 — DTG decomposition runs of hemicellulose (dotted
line), cellulose (dashed line) and lignin (solid
line) at the heating rate of 5 K min™', taken from"

tion is the tail part of wood decomposition, because
at these temperatures, both hemicellulose and cellu-
lose are already decomposed. The temperature range
of hemicellulose decomposition is from 190 °C to
380 °C, with maximum mass loss rate at 290 °C.
Cellulose decomposes within the temperature range
from 250 °C to 380 °C, with maximum mass loss
rate at 350 °C. The temperature range of lignin de-
composition in comparison with that of hemicellu-
lose and cellulose is broader, from 190 °C to 500 °C,
but the maximum mass loss rate (340 °C) is not as
sharp as in case of other compounds. Nevertheless, it
can be seen that the maximums of cellulose and lignin
decomposition are almost overlapping. The pyrolysis
decomposition of wood is given by the superposition
of hemicellulose, cellulose and lignin decomposition.'>

Kinetics of thermal decomposition

The distributed activation energy model is of-
ten used for the description of thermal decomposi-
tion of various materials. As mentioned above, this
model assumes numerous running decomposition
reactions with activation energies distributed ac-
cording to the Gauss distribution with the mean ac-
tivation energy £, and variance o.

Papers***! concerning the usage of the distrib-
uted activation energy model for thermal decompo-
sition prediction of various materials only com-
pared the mass fraction integral dependence as a
function of temperature. However, a more impor-
tant indicator is the differential change of the re-
maining mass fraction as a function of temperature.
In comparison with the integral decomposition
curve, the differential curve has the advantage of
better sensitivity at little changes (or deviations),
which cannot be observed in the integral depend-
ence. Therefore, it is much more interesting if these
differential dependencies were presented. If they
were shown, then it would be possible to distin-
guish whether the distributed activation energy
model is capable of offering an appropriate mathe-
matical description of the thermal decomposition of
the given material.

It was expected that the distribution activation
energy model, composed by multiplying the
Gaussian function and the Arrhenius function,
would be incapable of describing the decomposi-
tion of a mixture material such as wood. The at-
tempt to describe mathematically the experimental
data by a single DAEM eq. (3) is shown in Fig. 4.
Moisture content was extracted mathematically
from all used experimental data. The kinetic param-
eters of wood chips pyrolysis decomposition de-
scription by DAEM are shown in Table 2. From the
integral dependence of wood chips decomposition
(Fig. 4a), it seems that DAEM is able to describe
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Fig. 4 — Pyrolysis decomposition of wood chips at 5 K min™

a) integral, b) differential (] experiment, — model
DAEM)

Table 2 — Kinetic parameters obtained by DAEM for wood
chips decomposition

Sample o [kJ mol™'] | E, [kJ mol™] ko [s

1.57 - 108

wood 5.97 123.52

the basic trends of the pyrolysis process, but there
are still some obvious differences in the main de-
crease of mass. However, much more obvious inac-
curacies have been seen when comparing the differ-
ential experimental data with simulated data (Fig.
4b). It can be seen that the mathematical model is
able to approximately simulate only one maximum,
but in real decomposition there are two maximums.

Therefore, another effort was concentrated on
mathematically describing the decomposition of wood
main compounds such as hemicellulose, cellulose
and lignin by DAEM, because they were not ex-
pected to be a mixture of several compounds. A
comparison of experimental and simulated integral
curves of the thermal decomposition of wood bio-
mass main compounds at a heating rate of 5 °C min™!
is shown in Fig. 5. From this figure, it seems that
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0.2+
0.0+ e

500 550 600
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500 550 600 650
TIK

450 500 550 600 650 700 750
TIK

Fig. 5 — Wood main components’ integral pyrolysis decom-
position runs at the heating rate of 5 K min™', a) hemicellulose,
b) cellulose, ¢) lignin, (J experiment, — model DAEM)

DAEM can describe the decomposition curve with-
out serious deviations. There are some slight devia-
tions, which can be seen at description of the in-
flection point (approximately in the middle), and
at the description of the end of the decomposition
process at above 650 K. As already mentioned,
all deviations are much better visible at comparison
of the differential dependences, shown in Fig. 6.
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Fig. 6 — Wood main components’ differential pyrolysis de-
composition runs at the heating rate of 5 K min™ a) hemi-
cellulose, b) cellulose, c) lignin, (1 experiment, — model DAEM)

Inaccuracies in the description of the inflection
point and the end of the process at integral curves
are much more visible after their recalculation to
differential dependencies. Therefore, the accordance
of differential curves is more worth from the point
of the modeling precision view. Mathematical de-
scription of the pyrolysis process by the distributed
activation energy model and the model precision
could be affected by several factors e.g. the number
of points dividing the temperature interval, interval
of activation energies, and the number of experi-
mental points. It is also very important to select the

most representative range of experimental data. In
case this range is too broad, DAEM has to describe
also the parts of the process where there are any
mass changes. Moreover, the objective function of
this model has considerable influence on the results
because in this function, the integral values are
compared, while in other methods the differential
values are used. Optimized kinetic parameters ob-
tained from DAEM for hemicellulose, cellulose and
lignin are shown in Table 3. The values of obtained
activation energies and preexponential factors fall
into intervals reported in literature.*

Table 3 — Kinetic parameters of the distributed activation
energy model for hemicellulose, cellulose and

lignin
Sample o [kJ mol™'] | E, [kJ mol™] ky [s1
hemicellulose 2.4 132.9 1.25-10%
cellulose 04 175.6 3.41-10"
lignin 11.3 101.0 2.22-108

To verify whether the computed kinetic param-
eters were unsuitable for describing only the curve
for which they were optimized, a comparison of
calculated and experimental data of cellulose de-
composition at two different heating rates, 2 and
10 K min™', where the kinetic parameters were ob-
tained by optimization at 5 K min!, were used as
shown in Fig. 7. Cellulose was chosen as the most
abundant wood representative.

The need for wood pyrolysis decomposition
description required the rearrangement of the dis-
tributed activation energy model to the following
enhanced form, which is a linear combination of
three single DAEM egs. (6):

1.0

0.8

500 550 600 650 700
TIK

Fig. 7 — Verification of optimized kinetic parameters usabil-
ity for different heating rates: O experiment 2 K min™', — cal-
culation at 2 K min™, A\ experiment at 10 K min™, — calcula-
tion at 10 K min™!
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where the symbols mean the same as those in eq.
(3), but are allocated to one of the three compounds
(H — hemicellulose, C — cellulose, L — lignin). Eq.
(6) has three parts, where each describes the de-
composition of one of the main wood components.
Optimization was done by eq. (5) similar to the sin-
gle DAEM. A comparison of wood chips pyrolysis
decomposition experimental data and data obtained
by mathematical simulation using eq. (6) is shown
in Fig. 8. Since the enhanced DAEM equation has
three parts and each part describes the decomposi-
tion of only one component, the simulation results
are much closer to the compared experimental data.
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Fig. 8 — Mathematical description of wood chips pyrolysis

decomposition at 5 K min™ by enhanced DAEM a) integral,
b) differential (1 experiment, — model DAEM)
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This adjusted model is able to better describe the
changes of mass loss with temperature; however,
there are still some visible differences in the differ-
ential curve. The comparison of integral data seems
to be quite good, but after their recalculation to dif-
ferential data, it can be seen that the model cannot
describe the maximums and the end of the decom-
position process. The results obtained by the en-
hanced model seem to be closer to the experimental
points than those obtained by single DAEM. Never-
theless, increasing the number of the activation en-
ergy distribution terms in the model eq. (6) from
one to three is not the aim of DAEM. The obtained
values of kinetic parameters are presented in Table
4. Binding the kinetic parameters to one of the three
components was done on the basis of kinetic para-
meters’ ranges mentioned in literature. The kinetic
parameter set with the lowest value of variance is
attributed to the decomposition of cellulose because
it is known that the decomposition of cellulose in
differential form is represented by one narrow
peak.'>* The value of lignin activation energy is
the lowest among the others and the rest of kinetic
parameters are attributed to hemicelluloses.>*34

All values of variance in each simulation are
low, meaning that the distribution of activation en-
ergies is narrow. It indicates that thermal degrada-
tion of each wood compound can be described by
only one decomposition reaction (with one value of
activation energy and one preexponential factor),
and their combination results in the decomposition
of wood. By comparing Tables 3 and 4, it can be
seen that the values of the activation energy and
pre-exponential factor for cellulose and lignin are
quite similar. Since hemicellulose is a mixture of
several polysaccharides,® the difference in the val-

Table 4 — Kinetic parameters obtained form enhanced
DAEM eq. (6) for wood chips decomposition

eq. (6) part | o [kJ mol™'] |E, [kJ mol™"]| K, [s]
#1 (hemicellulose) 2.8 185.8 1.6-101
#2 (cellulose) 0.1 178.2 5.7-10"2
#3 (lignin) 2.5 108.8 4.9-107
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ues of the kinetic parameters for hemicellulose
could result from the different composition of the
used sample of “pure” hemicellulose and hemi-
cellulose contained in the sample of wood.

In our previous work,!® kinetic modeling and
parameters estimation was done using the so-called
isoconversional method (Friedman method), where
the kinetic parameters were obtained as a function
of conversion. Their dependence can be seen in
Fig. 9.

220-
200 ““awoe”
180- o

160+

o

E /kJ mol™

140 o

120+

100 T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
o

Fig. 9 — Activation energy as a function of conversion

However, these two models should not be com-
pared; their assumptions are completely different;
when comparing the obtained conversion depend-
ence of activation energy (Fig. 9) with values of ac-
tivation energy presented in Table 4, an agreement
in the decreasing trend of the activation energy with
decomposition can be observed. During the thermal
decomposition of wood, which is a mixture of sev-
eral organic materials, the energy barrier has to be
overcome. At the beginning of the process, before
the thermal degradation, all of the present molecule
bonds are not broken or damaged. Therefore, it is
necessary to supply more energy (heat) to ensure
the decomposition of these stable molecules. Dur-
ing the decomposition of these stable molecules at
high temperature, less stable molecules which are
easier to decompose are formed resulting in the
lowering of heat supply. These molecules, easier to
decompose, are formed at higher temperature and
therefore the value of the activation energy de-
creases with the increase of conversion. Similar be-
haviour of apparent activation energy depending on
conversion was observed also in the work of
Aboyade et al.'® According to Fig. 3, it can also be
concluded that the decrease of activation energy at
the end of the decomposition process is a conse-
quence of lignin decomposition, which is in agree-
ment with Table 4 where the lignin decomposition

had the lowest value of activation energy compared
with other components of wood.

Conclusion

This work deals with the pyrolysis decomposi-
tion of wood chips and the three main components
of wood, namely hemicellulose, cellulose and
lignin. From the thermogravimetric analysis it can
be observed that water and air moisture evaporation
run until the temperature of 160 °C. Above this
temperature starts the decomposition process of a
given substance. The decomposition temperature
range of each substance was specified. The distribu-
tion activation energy model was used for mathe-
matical modeling of pyrolysis decomposition. The
experimental data of sample residue mass fraction
from thermogravimetric analysis were compared
with simulated data obtained by the optimization of
kinetic parameters of DAEM. The obtained kinetic
parameter values were compared with data reported
in the literature. Some weak points of the distrib-
uted activation model not often mentioned in the
literature are:

— mathematical description of differential curves
of biomass thermal decomposition

— general problem with the simulation of ther-
mal decomposition of materials that are a mixture
of several compounds.
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Symbols

DAEM - distributed activation energy model
DTG — differential thermogravimetric analysis
FC - fixed carbon

HHYV — high heating value

TG — thermogravimetry

TGA — thermogravimetric analysis

VM - volatile matter

C - index of cellulose

E - activation energy, J mol!

E, — mean activation energy, J mol!
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H
ko
L
my
mr

— index of hemicellulose

— preexponential factor, s!

— index of lignin

— initial mass of sample, kg

— mass of sample during the process, kg
— final mass of sample, kg

— total released mass of sample, kg

— number of experimental data

— gas constant, J mol™! K™

— temperature, K

— initial temperature, K

— remaining sample mass fraction, —

— conversion, —

— heating rate, °C s7!

— variance of activation energy, J mol™!
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