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Highlights: Friedman method can be applied to different runs

= A temperature reference is useful to correlate the pre-
exponential factor

= Different variations of parameters are correct to simulate the
data

= The fitting models must only be considered valid to simulate
the data

Abstract

The Friedman method is applied to two processes: flexible polyurethane foam (PU)
pyrolysis and pine needle combustion, considering two types of runs: dynamic and
dynamic + isothermal. In both cases, the TG and DTG runs are taken into account. For
both materials, the Friedman method is applied twice: one considering only the dynamic
runs and the other considering all runs, dynamic and dynamic + isothermal runs.
Different expressions for fitting the variation of the apparent activation energy and the
pre-exponential function have been obtained and used to simulate the experimental

results.

The simulated results are compared with the experimental ones and with those
simulated with the n-reaction order models. From the discussion carried out, it has been
deduced that the Friedman method is valid when taking into account all the
experimental data obtained in different operating conditions and after testing that the

simulated results are close to the experimental ones.
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1. Introduction

Thermogravimetric analysis (TGA) is an analytical technique used for measuring the
weight change of a material during heating under controlled conditions, such as constant
temperature (isothermal runs), constant heating rate (non-isothermal or dynamic runs)
or combining both (dynamic + isothermal runs). The kinetics of mass loss of materials
during their thermal decomposition is required for the characterization and system
design [1].

Different kinetic models have been presented in the literature which can be classified
into two main groups: fitting-model or free-model. The main difference between both
types of models is that while the fitting-model is based on the assumption that the
decomposition followed a particular reaction model, the free-model allows the
determination of the activation energy without proposing any specific mechanism or
reaction model for the transformation [2].

Between the fitting-models, the n-reaction order model, considering one or many
fractions, has been extensively used, although others models such as the Distributed
Apparent Energy Model (DAEM) have also been used. A comparison between the n-
reaction order and the DAEM model and other models can be found in the literature [3].
It was shown that when the distribution of the apparent activation energy obtained in the
DAEM model is small, the same results can probably be satisfactorily correlated by the
n-reaction order model. In the n-reaction order model, for each fraction considered the
maximum fraction volatilized must be considered, in addition to the three characteristic

Kinetic parameters: pre-exponential factor, apparent activation energy and reaction order



[3]. This model presents the advantage of being able to reproduce the experimental data
from different operating conditions, using a single set of kinetic parameters, which
remains constant during the decomposition process. It can be applied to small fractions,
such as humidity, whose evolved volatiles can be different for some samples. The same
model with n-reaction order Kkinetics can be applied in different atmospheres, but
considering the partial pressure of the reactant gas, e.g. oxygen, in combustion
reactions.

In general, the rate of many thermally stimulated processes can be parameterized in
terms of temperature, T, and conversion degree, a. (0 < a < 1) [4, 5] as follows:

o — F@k(r) (1)

where f(a) is the reaction model which depends on the reaction mechanism, k(T) is the
temperature-dependent rate constant [6]. For decomposition processes of a solid/liquid
inside a crucible of a TG apparatus or a vessel where the total mass is monitored vs.

time, the conversion degree can be defined by the following eq. (2):

Mo — My

a’=m (2)

where mo, ms and my are the sample masses at the beginning, at the end and at a given
time t.

For chemical transformations, the Kk(T) is usually expressed with the Arrhenius
dependence:

k(T) = ke E/RT (3)
where ko is the pre-exponential factor, E is the activation energy and R is the gas
constant. Including the Arrhenius expression in the eg. (1), the general expression for a

single step kinetic equation is obtained [7]:

Ccli_ctx = kf (a)e E/RT (4)



For decomposition studies performed at a constant heating rate (dynamic runs), a great
number of methods have been developed for deriving the activation energy [8]. All the
methods for obtaining the activation energy require the determination of the T at a fixed
conversion degree for 3-5 runs at different heating rates [4, 9].

Although there are many iso-conversional methods, the analysis presented in this
paper is done only with the Friedman method [10]. The method is based on the equation
obtaining by taking the logarithm in eq. (4), and substituting the symbol ko, by the
parameter A, assuming that the term Af(a) is a function of a, as shown as:

d E,
In (d—j)a,i = In(Af(a)) — RT,. (5)

Hence for runs performed at different heating rates, Bi, Af(a) will be constant at a
fixed conversion degree, a [11]. By measuring the temperature, T and the reaction rate,
do/dt, at the fixed conversion degree, o, for all experiments performed at different
heating rates, the activation energy can be calculated from the slope of the
representation of In(do/dt).; Vs 1/T,i whereas from the intercept In(Af(a)ko) is obtained
[12-22]. Whilst this differential method does not employ any mathematical
approximation, as in the case of other integral methods, it can be considered as more
accurate than the integral ones. However, these methods present the handicap of being
really sensitive to the determination of baseline and calibration of the thermal analysis
equipment introducing significant inaccuracy in the reaction rate do/dt [4, 8]. On the
other hand, the Friedman model can also be applied to any type of run: dynamic,
isothermal, dynamic + isothermal, ramps, etc., with the only consideration that the
values of In(do/dt),; must be correctly determined. In this paper, the Friedman model is
applied to dynamic runs only and to dynamic and dynamic+isothermal runs and the
kinetic parameters are compared between themselves and with those obtained by the n-

reaction order model.



2. Experimental
2.1 Raw materials

Table 1 shows the moisture, elemental analysis and net calorific value for two
materials: flexible PolyUrethane foam (PU) and pine needles. Moisture was determined
as the weight loss after 12 h at 105°C whereas for the ash content the samples were
calcinated at 850°C for 8 h. The CHNS analysis was carried out in a Perkin Elmer 2400
(Perkin Elmer, UK) and the calorific values were obtained employing an AC-350

calorimetric bomb from Leco Corporation.

Table 1

2.2 Thermobalance experiments

The experimental data employed in this work are the same as those corresponding to
the pyrolysis runs presented in previous articles from the kinetic study of PU [23] and
pine needles [24]. A summary of the experimental conditions can be found in Table 2.

Table 2

Pyrolysis runs of PU were carried out in a Perkin Elmer thermobalance model
TGA/SDTA-6000 with a vertical furnace and a single beam vertical balance was
employed. On the other hand, the combustion runs of pine needles were performed in a
TAG/SDT 851e/LF/1600 Mettler Toledo thermobalance with a horizontal furnace and a

parallel-guided balance
3 Results and discussion
3.1.  Flexible Polyurethane foam (PU) pyrolysis process kinetic study

3.1.1 PU. n-reaction order model



Garrido and Font [23] proposed a model consisting of two consecutive reactions for
the pyrolysis of PU (Scheme 1), with n-reaction order kinetics for each reaction, with
the first decomposition step at about 550 K and the second at about 640 K. It was tested
that the first decomposition step corresponded to the break of the urethane bond to
obtain mainly isocyanates and in the second, the decomposition of ether polyols took

place.
1
PU - (1 — vy,)products; + vy, volatiles,

2
(1 — v1e)products; = (1 — v, )residue + vy, volatiles,

Scheme 1. Reactions considered for the pyrolytic model of FPUF.

Table 3 shows the kinetic parameters obtained from the fitting to the n-reaction order
model, the pre-exponential factor ki, , the apparent activation energy Ei and the reaction
order n;j for each decomposition obtaining also the maximum mass fraction of volatiles
evolved Vie.

Table 3

Figures 1a and 1b show the results obtained for two runs: the dynamic at 10 K/min and
the dynamic + isothermal run (10 K/min to 633 K and then maintaining the temperature
constant). In both Figures, the TG and DTG plots are presented for the experimental
results, the simulated results by the n-reaction order model and by the Friedman
method, considered and discussed later. In the three cases, the coincidence is total and
the same occurs for the remaining runs.

Figure 1
3.1.2 PU. Friedman method considering only the dynamic runs

The values of In(da/dt) were calculated for each a inside the interval [ 0.05— 0.95] with
a 0.05 step for the three dynamic runs performed, in accordance with eq. (5). For each
a, the linear regressions of In(do/dt) vs. 1/T data were obtained and the corresponding

slopes (-E/R) and intercepts on the Y-axis (InAf(a)) were obtained. Table 4 shows the
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correlation coefficients and the values of activation energy (deduced form the slopes)
The values of (In(Af(a))) - E/RTm, which is equivalent to In(Af(a)exp(-E/RTm)), for
each a, taking the corresponding values of In(Af(a)) and E, have been obtained
considering a reference temperature inside the temperature interval where the
decomposition rates are high. In this case, the reference temperature was 600 K. In this
way, the fitting of the kinetic parameters was better than when this factor was not
included, reducing the compensation effect between the two parameters E and Af(a).
Note that Af(a)exp(-E/RTm) represents the value of the kinetic constant calculated for

each a but for the same temperature Tm.
Table 4

Most of the r? values shown in Table 4 are higher than 0.94, but there also some low
values. Figures 2a and 2b show the variations of the apparent activation energy in two
ranges in order to obtain acceptable correlation coefficients. In both Figures, the values

deduced from Table 4 and those obtained by the fittings carried out are presented.
Figure 2

Figure 3 shows the variation of In(Af(a)exp(-E/RTm)) vs. a, considering a value of
600K for the temperature Tm, taking the value of E deduced for each a. The values

deduced from Table 4 and those calculated from the fittings can be observed.
Figure 3

From the fittings equation previously deduced, the parameter E/R and Af(a) can be
calculated for any values of o inside the interval considered using the fitting polynomic
equations deduced. Many significant figures have been considered to avoid
mathematical errors. It is assumed that the equations can be valid from all the intervals

of a, which is from 0 to 1. For each value of a, the value of Af(a) must be calculated as



follows: 1) Calculate In(Af(a)exp(-E/RTm)) from the corresponding polynomic
equation shown in the upper part of Figure 3, 2) Calculate Af(a)exp(-E/RTm) from the
previous value, 3) Calculate E by the corresponding polynomic equation shown in the
upper part of Figure 2, 4) Calculate exp(-E/RTm) from the previous value of E and the
temperature reference (600 K), and 5) Divide the value of Af(a)exp(-E/RTm) by the

value of exp(-E/RTm) to obtain the value of Af(a).

Integrating eq. 4, by the Euler method with very small intervals of time and considering
the experimental temperature, the variation of a is obtained. The calculated values for
both TG and DTG are plotted in Figure 1a for a run, observing a coincidence with the

experimental results and with the n-reaction order model.

Figure 1b also shows the experimental values, those calculated with the n-order reaction
and the Friedman method for one of the three dynamic + isothermal runs, whose data
were used for the fitting of the n-order model but not for the Friedman method. It is
remarkable that the fitting parameters obtained by the Friedman method considering

only dynamic runs are also valid for simulating the dynamic+isothermal runs.

Considering the values of the apparent activation energy by the Friedman method, it can
be observed that most values are around 100-120 kJ/mol, which is different to apparent
activation energies of the two stages considered by the n-order model, 142 and 217

kJ/mol, obtained from the fitting of dynamic and dynamic + isothermal runs.

3.2.2 PU. Friedman method considering the dynamic runs and the

dynamic and dynamic + isothermal runs.



The same analysis, using the Friedman method, has been carried out but this time
considering dynamic and dynamic + isothermal runs. Table 5 shows the correlation

coefficients and the values deduced from the fitting parameters.
Table 5

Figure 4 shows the variation of the apparent activation energy and the fitting equations

in two intervals, for better fitting.
Figure 4

The variation of In(Af(a)exp(-E/RTm)) vs. a, in this case, considering also the value of
600 K for the temperature that can be observed in Figure 5. The values deduced from

Table 4 and those calculated from the fittings can be observed.
Figure 5

Figure 6 shows the calculated variations by the Friedman method, considering the
dynamic and the dynamic + isothermal runs, together with the experimental results and
those calculated by the n-order reaction model. The coincidence of results is also nearly
total. In this case, the apparent activation energies from the Friedman model are
between 135 and 179 kJ/mol from a 0.05 to 0.4 and between 187 and 213 kJ/mol from a
0.45 to 0.95. These intervals are close to the two apparent activation energies 142 (first
decomposition) and 217 kJ/mol (second decomposition) of the n-reaction order model

in this case.

Nevertheless, it can be observed that the two sets of variation of E and Af(a) reproduce
satisfactorily both dynamic and dynamic + isothermal runs. Probably, the great
interrelation between the reaction order and the pre-exponential factor leads to many
acceptable solutions. Therefore, in both cases, the deduced expressions are only valid

for fitting the experimental results, without a clear chemical-physical meaning.



Figure 6
3.2 Pine needles combustion process kinetic study
The same procedure previously described is carried out with pine needles.
3.2.1 Pine needles. n-reaction order model

Font et al. [24] studied the kinetics of pyrolysis and combustion of pine needles and
cones. Considering the lumping model and the n-reaction order kinetics, the Kkinetic
parameters were obtained from 17 runs (dynamic and dynamic + isothermal) from three
atmospheres: nitrogen, nitrogen: oxygen 4:1 and 9:1 ratios. Table 6 shows the complex
scheme of reactions proposed and the kinetic model for each reaction. Table 7 shows
the values of the kinetic parameters and some considerations to analyze the coherence

of the model.

Tables 6 and 7

Figures 7a and 7b shows the comparison of experimental and calculated values of two
runs, the deviations are also small in the remaining tests. The results obtained by the

Friedman method are also presented.

Figure 7

3.2.2. Pine Needles. Friedman method considering only the dynamic runs

The Friedman method is applied within the interval [0.07 — 0.95] with a 0.05 step for
the three dynamic runs performed. For each o, the linear regressions of In(do/dt) vs. 1/T
data from three experiments at different heating rates were obtained and the values

deduced from fitting parameters are shown in Table 8.
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Table 8

From Table 8 and following a similar procedure to that previously explained, Figures 8
(with two intervals) and Figure 9 show the variations and fitting correlations of E and

In(Af(a)exp(-E/RTm)).
Figures 8 and 9

With the equations proposed in Figures 10 and 11, the experimental data have been

simulated following the method explained previously by the integration of eq. (5).

Figure 7a shows the simulated data for a dynamic run, observing a coincidence in the
TG variation and small deviations in the DTG plot. Similar results are obtained for the

other two dynamic runs.

Figure 7b also shows the simulated data for a dynamic + isothermal run, observing a
deviation with respect to the experimental results and the same occurs with the other
four dynamic + isothermal runs. Therefore, in this case, the data obtained by the
Friedman method from the dynamic runs only are not valid to simulate the dynamic +
isothermal runs. In the following section, the analysis is carried out considering all

runs.

3.2.3. Pine Needles. Friedman method considering both the dynamic runs and

the dynamic + isothermal runs

Table 9 shows the results when applying the Friedman method to dynamic and dynamic
+ isothermal runs. From this Table, the fitting equations shown in Figures 10 and 11 are

shown. The simulated values are shown in Figure 12.

Table 9 and Figures 10 to 12
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From Figure 12, it can be deduced that the fitting equations of E and Af(a) obtained
considering all runs are useful to satisfactorily correlate the two runs shown. The same
also occurs with the other two dynamic runs and with the other four dynamic +

isothermal runs.

A critical study of the isoconversional methods was carried out by Criado et al. [25].
They concluded that when a variation of the activation energy vs. conversion is
assumed, the Friedman provides accurate values of activation energy, whereas a scheme
of reactions is proposed, then the activation energy calculated depend on the heating
rate. From the analysis carried out in this paper, when there are correlation coefficients
far from 1, it can be deduced that the variation of the kinetic parameters only on the
conversion is not correct, but in spite of this fact, acceptable correlations can be

obtained by the Friedman method because there are mathematical compensations.

On the other hand, it must be emphasized that experimental data obtained in different
operation conditions must be analyzed by the Friedman method in order to obtain an

acceptable correlation valid for cases.

4. Conclusions

The Friedman method is valid to obtain satisfactory fitting equations to simulate the
experimental results. It has been tested that the fitting of In(Af(a)exp(-E/RTm)) using a
reference temperature vs. the conversion degree a is adequate for obtaining good

results.

From the experimental data of flexible polyurethane foam pyrolysis, two different sets
of fitting equations have been deduced by the Friedman method: one set considering

only the dynamic runs and the other set from dynamic and dynamic+ isothermal runs.
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Both sets simulate the experimental results of all runs correctly. Furthermore, the TG
and DTG curves obtained from the Friedman method are close to those simulated by the
n-reaction order model considering two consecutive reactions. The differences between
the two sets of equations corresponding to the variations of the apparent activation
energy E and Af(a) are considerable, indicating that these equations must be considered

valid only for fitting the experimental data.

Nevertheless, applying the Friedman method to the pine needle combustion, only when
all data are considered (dynamic and dynamic + isothermal runs) are the fitting
equations valid to correctly simulate all the results. When only the dynamic runs are
taken into account, the fitting equations obtained are valid to simulate the dynamic runs

but not the dynamic + isothermal runs.

From the previous results, it is proposed that the Friedman method must be applied to
all the runs obtained in different experimental conditions and the simulated results must

be obtained to observe if the fitting equations are valid or not.

It can also be concluded that the fitting equations must be considered valid only to
simulate the results, because there can be more than one set of E and Af(a) fitting
equations that satisfactorily reproduce the experimental results, so the possible

chemical-physical significance must be deduced considering other analyses.
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LEGEND OF TABLES

Table 3. Moisture, elemental analysis, ash content and net calorific value of materials
studied.

Table 4. Experimental conditions in the thermal decomposition process study of two
materials

Table 3. Kinetic parameters obtained for the PU pyrolysis

Table 4. Parameters from the linear equations when applying the Friedman method to
the pyrolysis data of PU, using only the data of the dynamic runs

Table 5. Parameters from the linear equations when applying the Friedman method to
the pyrolysis data of PU, using both the data of the dynamic runs and dynamic +
isothermal runs

Table 6. Scheme of reactions for combustion of pine needles
Table 7. Kinetic parameters for pine needle combustion
pine needles

Table 8. Parameters from the linear equations when applying the Friedman method to
the combustion data of pine needles, using only the data of the dynamic runs with an
N2:02 4:1 atmosphere

Table 9. Parameters from the linear equations when applying the Friedman method to
the combustion data of pine needles, using both dynamic and dynamic + isothermal
runs under an N2:02 4:1 atmosphere

LEGEND OF FIGURES
Figure 1. Experimental and calculated variations of the degree conversion
corresponding to the PU pyrolysis: a) Dynamic run at 10 K/min; b) Dynamic at 10
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K/min to 633 K (time 2085 s) and then isothermal at 633 K. Fitting models: n-reaction
order from dynamic and dynamic + isothermal runs; Friedman method from the
dynamic runs only

Figure 2. Variation of the apparent activation energy vs. a in two intervals for PU
pyrolysis considering only the dynamic runs carried out

Figure 3. Variation of In(Af(a)exp(-E/RTm)) vs. a in two intervals for PU pyrolysis
considering only the dynamic runs carried out

Figure 4. Variation of the apparent activation energy vs. a in two intervals for PU
pyrolysis considering both the dynamic and dynamic + isothermal runs

Figure 5. Variation of In(Af(a)exp(-E/RTm)) vs. a in two intervals for PU pyrolysis
considering the dynamic runs and the dynamic + isothermal runs carried out

Figure 6. Experimental and calculated variations of the degree conversion for PU
pyrolysis: a) Dynamic run at 10 K/min; b) Dynamic at 10 K/min to 633 K (time 2085 s)
and then isothermal at 633 K. Fitting models: both n-reaction order and Friedman
methods from dynamic and dynamic + isothermal runs

Figure 7. Experimental and calculated variations of the degree conversion
corresponding to pine needles combustion: a) Dynamic run at 20 K/min; b) Dynamic at
20 K/min to 523 K (time 672 s) and then isothermal at 633 K (n-reaction order from
dynamic and dynamic + isothermal runs; Friedman method from the dynamic runs only)

Figure 8. Variation of the apparent activation energy vs. a in two intervals for pine
needle combustion considering only the dynamic runs

Figure 9. Variation of In(Af(a)exp(-E/RTm)) vs. a for pine needles considering only
the dynamic runs

Figure 10. Variation of the apparent activation energy vs. o in two intervals for pine
needle combustion considering both dynamic and dynamic + isothermal runs

Figure 11. Variation of In(Af(a)exp(-E/RTm)) vs. a for pine needle combustion
considering the dynamic runs and the dynamic + isothermal runs carried out

Figure 12. Experimental and calculated variations of the degree conversion
corresponding to pine needles combustion: a) Dynamic run at 20 K/min; b) Dynamic at
20 K/min to 523 K (time 672 s) and then isothermal at 633 K (n-reaction order from
dynamic and dynamic + isothermal runs; the Friedman method from only the dynamic
runs)
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Analysis on dry basis

C (wt. %) 57.79 50.4
H (wt. %) 7.306 6.5
N (wt. %) 5.95 0.8
S (wt. %) <0.01 0.01
Ash content (wt. %) 5.47 4.5
O by difference (wt. %) 23.43 37.9
Net calorific value (kJ kg™) 24,133 20,138
Pine
PU needles
Decomposition process Pyrolysis  Combustion
Gas N2 N2:02 4:1
Mass sample (mg) 7.5 5
Gas flow rate (mL min™?) 100 100
Dynamic runs
Heating rates (K min™) 5; 10; 20 5;10; 20
Temperature range (K) 303-873 298 -1073
Dynamic + isothermal runs
Initial heating rates (K min't)  5; 10; 20 5;10; 20
658; 633; 493;
Isothermal Temperature (K) 658 523:573:623
Reaction 1 Reaction 2
0.307 0.582
2.044-10% 3.247-10%
Ei (kJ mol?) 142 217.5
0.81 1.25
Correlation | Activation _
Coefficient Tm= 600K
o 2 E(kJ/mol) E}gﬁ‘rfrg‘)“))‘(a;‘]ﬁ’r(]ﬁl)
0.05 0.9862 2.60796186
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010 | 09699 | 21848 | 2.00107467
015 | 09996 | 21447 | 1.54617940
020 | 09939 | 22132 | 1.22689138
025 | 09993 | 232.94 | 092178635
030 | 09994 | 22226 | -0.03873402
035 | 07761 | 223.63 | -3.43468296
0.40 | 09502 | 16249 | -4.02280605
045 | 09945 | 151.61 | -4.05173967
050 | 09938 | 182.84 | -4.33837802
055 | 09957 | 18420 | -4.34303861
060 | 09994 | 193.00 | -4.54039678
0.65 | 09975 | 193.78 | -4.67392399
0.70 | 1.0000 | 193.15 | -4.79436260
0.75 | 1.0000 | 19519 | -5.03236823
0.80 | 09940 | 20891 | -5.57674404
0.85 | 09980 | 197.03 | -5.74709688
0.90 | 09980 | 20732 | -6.57743913
095 | 09998 | 22661 | -8.14641533
Corton [ A5 | s
a (2 E(kd/mol) E}gﬁ‘;ﬁ‘)"))‘(er’r‘]ﬁ’r(];)
0.05 | 07648 135.68 0.4685055
0.1 0.7312 153.13 0.6550094
015 | 0.8352 164.04 0.6787759
0.2 0.8863 166.06 0.4291472
025 | 08971 173.00 0.1358230
0.3 0.8097 162.60 -0.7769031
035 | 0.7449 145 15 -3.7714837
0.4 0.7864 179.08 -4.2148506
045 | 0.9589 187.28 -4.3828927
0.5 0.9481 187.58 44537241
055 | 09774 191.73 ~4.5087889
0.6 0.9617 190.38 45753621
0.65 | 09784 | 202.30 4.8846748
0.7 0.9760 196.07 -4.9201548
0.75 | 009831 199.40 51762788
0.8 09912 | 213.10 -5.7075644
0.85 | 09917 198.18 5.8251657
0.9 0.9917 199.91 -6.4966541
0.95 | 09955 | 200.69 -7.5641992
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Scheme of reactions

Kinetic equations

Fract. 1 (mainly moisture) doy T Eq
- —— = Kkyoexp [— 5| (1 — o)™
w; Wastel = v; Volatilesl dt | RT.
Fract. 2 (mainly hemicellulose) _ -
_ doa, E, N
w, Waste2 (+oxygen) = v, Volatiles2 el kyoexp [—==| (1 — ay)"2
(the char of this reaction is accumulated to the char formation of cellulose) t L RT]
Competitive reactions fract. 3 (mainly cellulose) dog [ E3 ns
. T k3oexp e (1 — 03 — O(3cp)
w3 Waste3 (+oxygen) = vz Volatiles3 + r3 Char3 dt | RT_
w3 Waste3 (+oxygen) = Vs, Volatiles3cp + raep Ash3cp d0(3cp N3cp
dt k3cpoexp RT (1 - o(3cp)
Competitive reactions fract. 4 (mainly lignin) doc4 — K (1 )n4
ex -
was Waste4 (+oxygen) = vs Volatiles4 + r, Char4 T Cao®XP [ T] 4cp
W, Waste4 (+oxygen) = Vac, Volatilesdcp + rac, Ashdcp dagep

Combustion of char formed through reaction 3
r3 Residue3 or Char3 (+oxygen) = vz Volatiles3c + r3. Ash3c

= K3c0€Xp [_ h] (a3 — ot3¢)"3e
dt co RT ¢

Combustion of char formed through reaction 4 doy, I E4c N

— - — 4c
rs Residue4 or Char4 (+oxygen) = Vac Volatiles4c + 4 Ashdc dt 4co€XP [ RT ] (g = atac)
Fraction 5 (mainly CaCO3, decomposes at high temperature) das

ws Waste5 (+oxygen) = vs Volatiles5 + rs Ash5

at k5°eXp[ RT] (1= a5)™

Global reaction

W=1-V=1-(0t1 Vyjns+ 0, Voine+ a3 Vaing+ 03cp Vaeping+ 0 Vaine+ Cacp Vacpine+
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a3cV3 cinf + a4cv4cinf + a5V5inf)
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Table 7. Kinetic parameters for pine needle combustion

Values of kinetic

Reactions Some considerations
parameters
Vaporization and pyrolytic reactions
V1=0.06
kio=1.985.10%s! - Mainly vaporization of
Fract. 1 E1=43.07 ki/mol moisture
n1=4.20
V2=0.19
Fract. 2 k2o = 5.838.10'1 51 - Pyrolysis of  mainly
E>=137.18 kl/mol hemicellulose
ni=2.89
V3=0.34
= 19 (-1 ) ; .
Fract. 3 kso=1.38.10"s Pyrolysis of mainly
Es=233.32 kl/mol cellulose
n3=7.73
V4=0.13
kso= 8.99.10% 51
Fract. 4 40=8.99.10°s - Pyrolysis of mainly lignin

E4=197.31 kJ/mol
ng =3.58

Competitive oxidative pyrolysis of fractions 3 and 4

V3cp =0.41
Fract. 3 kacp=1.065.10° s -Oxidative pyrolysis of mainly
l E3cp = 80.69 ki/mol cellulose with ash formation
N3cp = 0.66
L/:ccp _=Oi35216 105 1 - Oxidative pyrolysis of mainly
Fract. 4 poT Tm o lignin with ash formation

Eacp=97.49 kl/mol
n4cp = 1.66

Char combustion

Combustion of Char3
and Char4

V3. =0.07

V4c=0.19

kac= kac = 3.323.10° 51
Esc= Eac= 166.17 kJ/moI
N3c = Nac = 0.91

-Combustion of char with ash
formation

Other reaction

Fract. 5

V5=0.01
kso=1.596 10?2 51
E4=415.7 kl/mol
na=1.00

-Decomposition of mainly CaCOs




Correlation Activation

coefficient Energy Tm=725K

In(Af(a)exp(-

a r? E(kJ/moal) E/RTm)) (s?1)

0.07 0.9862 96.18 -0.60852573

0.1 0.9903 114.82 0.32082873

0.15 0.9668 118.41 -0.10171997

0.2 0.9724 121.81 -0.62408673

0.25 0.9932 125.66 -1.09677153

0.3 0.9983 123.04 -1.77430111

0.35 0.9949 121.68 -2.32070637

0.4 0.9798 117.29 -2.88581389

0.45 0.9657 115.63 -3.29074349

0.5 0.9053 98.61 -4.33020245

0.55 0.7799 61.79 -6.16013226

0.6 0.9370 87.16 -6.43891572

0.65 0.9488 112.81 -6.65130287

0.7 0.9412 147.38 -6.73550751

0.75 0.3922 116.18 -6.69703747

0.8 0.9839 124.18 -7.22453753

0.85 0.2603 39.94 -6.86006205

0.9 0.8269 111.00 -7.66475854

0.95 0.9701 135.33 -8.82079678

Correlation
coefficient Activation Energy Tm=725K
In(Af(a)exp(-E/RTm))
a r2 kJ/mol (s-1)

0.07 0.9862 96.18 -0.6085257
0.1 0.9563 126.78 1.13934693
0.15 0.9431 163.69 2.69976243
0.2 0.9667 179.74 2.5130807
0.25 0.9702 167.95 0.84607109
0.3 0.9908 162.71 -0.0520172
0.35 0.9894 149.42 -1.2943281
0.4 0.9442 142.78 -2.0244968
0.45 0.9730 138.58 -2.5747257
0.5 0.9488 138.55 -3.0965862
0.55 0.9283 107.08 -5.091325
0.6 0.9868 102.71 -6.1819177
0.65 0.9937 110.37 -6.6743362
0.7 0.9774 122.99 -6.856799
0.75 0.8903 139.03 -6.6533251
0.8 0.9983 130.56 -7.2287991
0.85 0.2603 39.94 -6.8600621
0.9 0.8269 111.00 -7.6647585
0.95 0.9701 135.33 -8.8207968
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