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Abstract

The study of non-isothermal kinetics analyzed the reactivity of pine sawdust,
while the thermodynamic properties analyzed energy consumed and released
from the pine sawdust. The kinetic parameters were determined by analyzing
mass loss of pine sawdust components by using Thermogravimeric analyzer.
The cellulose has the highest conversion rate of 9.5%/min at 610 K compared
to hemicellulose and lignin, which are 5%/min at 600 K and 2%/min at 800 K,
respectively. The activation Energy for cellulose, hemicellulose and lignin was
457.644, 259.876, and 89.950 kJ/mol, respectively. The thermodynamic prop-
erties included the change of Gibbs free energy for cellulose and hemicellu-
lose, which were —214.440 and —30.825 kJ/mol respectively, their degradation
was spontaneous in forward direction, while change of Gibbs free energy for
lignin was 207.507 kJ/mol, which is non-spontaneous reaction. The positive
value of change of entropies for the active complex compounds formed from
hemicellulose and cellulose is less stable, while the active complex com-
pounds of lignin are characterized by a much higher degree of arrangement
since its change of entropy is negative. The kinetic and thermodynamic prop-
erties show that pine sawdust is a good candidate for production of char since it
is easier to remove hemicellulose through thermal process.

Keywords

Pine Sawdust, Non-Isothermal Kinetics, Thermo-Gravimetric Analysis,
Activated Complex

1. Introduction

The use of wood fuel has increased worldwide due to emission of greenhouse
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gases and also depletion of fossil fuels. Sustainable production of wood fuel from
forest can displace fossil fuels. Although burning of wood fuels releases carbon
dioxide, the re-growth of the sustainably managed forest offset releases. Thus
forest fuels can supply energy visually without net contribution greenhouse gases
levels. Countries which have abundance forest resources can benefit in energy
production through using wood waste such as sawdust. In most wood using in-
dustries the common wood byproducts that are used as a source of energy are
sawdust, deformed stem and slabs [1]. The estimated amount of sawdust in
Africa is 822 PJ/year potential [2].

The combustion characteristics of solid fuel such as biomass are affected by its
physical and chemical characteristics such as moisture content, bulk density,
calorific value and its chemical composition. These are shown in Table 1. The
bulk density and moisture content of wood biomass cause a storage problem,
because it requires a large space and also equipment for handling [3]. Ther-
mo-gravimetric analysis (TGA) is one of the techniques that are used to study
the thermal behavior of solid fuels. TGA results are useful during application of
the process such as pyrolysis, which is one of the promising thermo-chemical
conversion methods, playing a vital role in biomass conversion.

Pine sawdust is one of the widely available sources of sawdust. The estimated
amount in Tanzania is about 2,876,000 GJ/year [4] and mainly burnt in dump-
sites. The resource is a lignocellulosic biomass which is made up of hemicellu-
lose, cellulose and lignin. The percentage mass of these is mainly 20 - 35, 30 - 50
and 20 - 35 wt%, respectively [5] [6].

When this biomass is subjected to a pyrolysis process, moisture evolution and
biomass components decomposition occur. The moisture evolution is an endo-
thermic process, whilst the decomposition of hemicellulose and lignin is exo-
thermic. The case is contrary at higher temperature above 500°C, here the he-
micelluloses and lignin decomposition are endothermic and cellulose decompo-
sition is exothermic [7]. During thermal degradation of biomass material, the
biomass components are likely to react independently. However, most of the
studies simplify and lump biomass as a single reactant as reported by Tsamba [8]
and shown in Figure 1. A multi-component mechanism shown in Figure 2,
taking into account the decomposition rate of hemicellulose, cellulose and lignin
is considered. In the schematic mechanism presented in Figure 2, C is a biomass
component (cellulose, hemicellulose or lignin) and A is active component. The
scheme uses the kinetic and thermodynamic properties of individual compo-
nents, by the use of TGA and employing Kissinger’s method [9].

Table 1. Wood characteristics [3].

Characteristics Value
As received moisture 40% - 60%
Bulk density 150 - 170 kg/m?
Calorific value 15 - 19 MJ/kg
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Figure 1. Proposed kinetic scheme of biomass decomposition.

Tar

C—> A

Char+QGas

Figure 2. Multicomponent mechanism of pine components.

The Kissinger’s method is suited when the analysis of the sample considered is
to undergo a non-isothermal process. One of the distinguishing features of this
method is its non-dependent on reaction mechanism for determination of acti-
vation energy, although the determination of the frequency factor assumes first
order reaction mechanism [8].

The first law of thermodynamics state that, energy can never be created nor
destroyed. This means the energy conversion processes do not have energy
losses, except for transfer or converting to other form of energy. But the second
law of thermodynamics stated that Energy conversion processes are accompa-
nied by an irreversible increase in entropy, which leads to a decrease in available
energy. Thus, even though the energy is conserved, the quality of energy de-
creases because energy is converted into a different form of energy, from which
less work can be obtained. Due to these laws it important to analyze the ther-
modynamic characteristics of biomass as solid fuel, there are few researches
done so far that describe the thermodynamic behavior of biomass and no one
has explain about activated complex formation.

The thermodynamic properties of interest of biomass component decomposi-
tion to form active complex is an indication on whether the reaction occur or
not, it shows the stability of the product and the amount of energy required for
the reaction to take place. The activated complex is a collection of intermediate
structures in the chemical reaction that persist while bonds are breaking and

new bonds are forming. The formation of activated complex is depending on the
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analysis of change of the Gibbs free energy AG", enthalpy AH" and entropy AS".
The change of the Gibbs free energy AG” indicates the total energy of the system
from the approach of the reactant and the formation of the activated complex.
This energy is caused by the changes of enthalpy AAH" and entropy AS” for the
formation of the activated complex. The change of the enthalpy indicates the
energy differences between the activated complex and the reactant. When the
difference is small, the formation of activated complex is favored since the po-
tential energy barrier is low. The change of the activation entropy AS shows
how near the system is to its own thermodynamic equilibrium. In this situation,
the material shows little reactivity, increasing the time taken to form the active
complex. On the other hand, when high activation entropy values are observed,
the material is far from its own thermodynamic equilibrium. In this case the
reactivity is high, and the system can react faster to produce the active complex,
which give shorter observation times [10]. This paper presents results on the ki-
netics and thermodynamics parameters of non-isothermal degradation of pine

sawdust in nitrogen atmosphere.

2. Methodology

Pine sawdust samples for this study were obtained from SanyaJuu forest, West
Kilimanjaro in Tanzania. The characterization was done by using Standard test
methods ASTM 3172 and ASTM D3176-9 for establishing proximate and ulti-
mate analysis respectively. Thermal degradation/decomposition and kinetic pa-
rameters of the biomass material was done by using thermo-gravimetric analyzer
model NETZSCH STA 409 PC Luxx. Before thermo-gravimetric analysis, the
sawdust sample was grounded to less than 1 mm size and oven dried at 378 K
(105°C) to a constant weight for removing the moisture. Then a purge gas, pure
Nitrogen, was supplied to remove air in the thermo-gravimetric analyzer so as to
avoid combustion during the experiment. After that a 30 mg sample was put in
the thermo-gravimetric analyzer, the heating medium was nitrogen (99.95%
purity) with flow rate 60 ml/min at a heating rate of 10 K/min. The samples were
heated from room temperature of about 303 K (30°C) to 973 K (700°C), five ite-

rations were done and arithmetic mean values were reported.

2.1. Kinetic Study of Biomass Pyrolysis

The pyrolysis rate is expressed by using Arrhenius Equation (1) and Equation

(2), kis the rate constant, which depends on temperature [8].

k= Aexp(~E,/RT) (1)
— _ Eu
dx/dt = Af (x)exp o7 (2)
= ), 3)
(wo = w.,)

where x is the reacted fraction as shown in Equation (3), 7 is the absolute tem-
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perature, E, is the activation energy, A is the pre exponential factor, R is the
universal gas constant and fx) is the algebraic function depending on the reac-
tion mechanism. When the temperature rises at a constant heating rate (/) (ex-
pressed in Equation (4), the differentiation of Equation (4) will result into Equa-
tion (5) [8].

_dr
B= & (4)

d’x _ Ep

d*  RT?

+Af"(x)exp(~E, /RT) % (5)

The maximum rate occurs at a temperature 7., defined by equating Equa-

tion (5) to zero. Approximations from the calculations yield Equation (6).

AR E
Tzﬂ =t ©

peak a peak

Equation (6) is a straight line graph, of ln(,B’/ T;feak) v/s 1T, » The line
slope is E,/R and the intercept on the vertical axis is an In(4R/E,), which
are used to determined £, and A.

The fractional pyrolysis of biomass component (hemicellulose, cellulose or
lignin) is obtained by taking the ratio of the change mass of biomass component

at time t and total reactive mass of as shown in Equation (7)

S ”
where wj is initial mass, wt is mass remains at time t and w, is final weight re-
main.

Kissinger method allows to obtain the kinetic parameters of a solid-state reac-
tion without knowing the reaction mechanism. It is a model-free non isothermal
method where is no need to calculate Ea for each conversion value in order to
evaluate kinetic parameters. This method allows to obtain the value of activation
energy from a plot of In(4/T?m) against 1000/Tm for a series of experiments at

different heating rates (), where Tm is the temperature peak of the DTG curve.

2.2. Thermodynamic Analysis of Biomass Material

The thermodynamic parameters of entropy, heat of reaction and Gibbs free
energy were determined using the theory of the active complex as reported by
Turmanova [10] and Vlaev [11]. The entropy of the reaction is calculated by
Equation (8):

ge .
AS* =R 1nA—1n%

(8)

where y is the transmission coefficient which is unity for monomolecular reac-
tions, o the Boltzmann constant, h the Plank constant, e = 2.7182 is the Neper
number and AS” is the change of entropy for the formation of active complex

from reactant.
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From the value of change of entropy AS", conclusion can be drawn about the
degree of arrangement and the complexity of the product formed to the initial
reactants. The value of change of entropy can be either positive or negative, in-
cluding zero. This is the criterion used to classify the chemical reactions as fast,
slow or normal. If AS” < 0, the reaction is classified as slow, it can be suggested
that the product formed is more structured organized than the initial reactants,
so its reaction is accompanied by a decrease of total entropy of the system. If
AS > 0 for the reaction, it can be suggested that it is a reaction of dissociation of
a complex molecules to simpler fragments, this reaction is classified as fast.
When AS” = 0, the reaction is normal, in this reaction the structure of active
complex formed does not accompanied with the significant changes from the in-
itial reactant.

The change of enthalpy calculated is determined by way of Equation (9). This
is the energy added to the system for the decomposition of biomass and it is al-
ways positive. The equation is used to obtained change of Gibbs free energy as

shown in Equation (10) [12].
AH™ = E, - RT,,, 9)

The change of Gibbs free energy (AG) reflects to the total energy increase of
the system at the approach of the reactants and the formation of the products.
This energy is influenced by two thermodynamic parameters: the changes of
enthalpy AH" and entropy AS™ of the product formed.

AG* = AH” -T __ AS* (10)

peak

where; 7}, is the peak temperature in the DTG curve.

3. Results and Discussion
3.1. Proximate and Ultimate Analysis

Table 2 shows results of the proximate and ultimate analysis of pine sawdust.
Moisture content, volatile matter, fixed carbon and ash were determined. The
pine sawdust is seen to be easily combustible since it contains high volatile mat-
ter. The high carbon content of 48.71 and hydrogen 5.99%wt are vital for com-
bustion process, while other components such as oxygen, nitrogen and sulfur are
not favorable for fuel combustion [13].

The chemical analysis (ultimate analysis) was used to estimate the chemical
composition of pine sawdust. Sulphur is neglected in this study since its amount
is small in comparison with those of other elements. When this is taken into con-

sideration, the chemical formula for the pine sawdust material is C,; ;,H;, ;0,4 6N -

3.2. Thermo-Gravimetric Analysis Results

The themogravimetric (T'G) and Differential thermogravimetric (DTG) curves
of decomposition of pine sawdust are presented in Figure 3 and Figure 4. Ac-
cording to the data obtained from the thermo-gravimetric analysis, thermal de-

gradation of pine sawdust occurs in three main stages of mass loss, namely;
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Table 2. Characteristics of pine sawdust.

Proximate Analysis, dry basis (%wt)

Moisture 16.44
Volatile Matter 81.03
Fixed Carbon 18.60
Ash 0.37

Ultimate Analysis (%wt)

Carbon 48.71
Hydrogen 5.99
Oxygen 44.2
Nitrogen 2.39
Sulfur 0.28
HHV MJ/kg 15.10
TG/% Temp. /K
i
100 o
90 : q 900
80 ) Devolatizati
Mass Change: -15.99% evolatization zone 300
70
Char
60 degradation 700
|— Moisture removal .| zone
Mass Change: -77.93%
50
600
40
500
30 Residual Mas{ 5.91% (66.5 mih
20 400
10 ; u
. . . . . - 300
0 10 20 30 40 50 60
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Figure 3. TG curve of pine sawdust.
TG/% DTG/(%/min)
1
100 Devolatization zone (G R} 0
90] " e 3 -1
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40 : X %
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Figure 4. TG and DTG curves with biomass degradation zone.
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removal of moisture (drying), release of organic volatile matters (devolatization),
and the degradation of char, as seen in Figure 3. The mass loss in the first stage
takes place in the temperature range 303 K (30°C) up to 420 K (147°C), the mass
loss was about 16% and it is associated with the evolution of sample moisture.

The other observed features of the thermal decomposition of pine sawdust can
be explained on the basis of the decomposition behavior of its major constitutes:
hemicellulose, cellulose and lignin. Moisture is released first at temperatures less
than 420 K, then hemicellulose degraded between 420 and 623 K, cellulose from
548 to 653 K, and finally lignin from 623 to 823 K. The major mass loss of nearly
80% is due to the devolitization of the hemicellulose and cellulose as shown in
Figure 3. The Degradation temperatures of hemicellulose, cellulose and lignin
are overlapping as shown in Figure 4. The observed three peaks are due to the
hemicellulose degradation at 590 K, the cellulose at 620 K and lignin degradation
at 797 K.

The values of activation energy (E,) and pre-exponential factor (A) were cal-
culated according to the Kissinger’s method, the values are given in Table 3. The
activation energy for cellulose is higher at about 460 kJ/mol, than that of hemi-
cellulse at 260 kJ/mol and lignin at 90 kJ/mol. Hemicellulose decomposes at a
lower temperature of 590 K and lignin at a temperature of 797 K.

Besides the TG and DTG curves of pine sawdust pyrolysis, the Differential
Scanning Calorimetry (DSC) curve shows the energy consumption level during
the thermal degradation of pine. The results were plotted in Figure 5 and Figure
6. When the temperature was lower than 420 K (147°C), the DSC curve of the
pine sawdust show that the reaction was endothermic, attributed to the removal
of moisture when the sample was being heated up. With the temperature in-
creasing greater than 420 K, the DSC profile of pine sawdust show lower peak at
a temperature of 823 K (550°C). This peak is due to crystallization of pine saw-
dust, as reported by Yang [7].

The process exhibits high exothermicity attributed by the charring process,
although volatilization is endothermic reaction. The exothermic behavior of pine
sawdust degradation is caused by tar cracking, lignin decomposition and dehy-
drocellulose decomposition to char and gas [14].

The total energy obtained from this process is —4.59 MJ/kg, this is the overall
exothermic energy released during pine sawdust degradation.

3.3. The Effect of Temperature on the Conversion Factor

The rate of fractional pyrolysis of biomass (dx/d#) was calculated from the TG

Table 3. Kinetic parameters for pine sawdust composition.

Parameters Hemicellulose Cellulose Lignin
Theo K 590 620 796.9
E, kJ/mol 259.9 457.6 90.0
A, st 4.365 x 10 3.33 x 10* 1.768 x 10°
ks 4.280 1.414 0.167
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Figure 5. TG and DSC curves of pine sawdust.
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Figure 6. DSC curve with heat of reaction.

curve and the results are given in Figure 7. The biomass degradation was as-
sumed to be first order. The first peak in Figure 7 is the removal of moisture
from biomass at a degradation rate of 3.5%/min at 350 K, then followed by he-
micellulose of 5 (%/min) at 590 K. The highest degradation rate was observed on
cellulose of 9.5 (%/min) at 610 K, while least degradation rate was for lignin of 2
(%/min) at 800 K. The range of degradation temperature of cellulose, hemicel-
lulose and lignin were 500 - 750 K, 440 - 750 K and 450 - 880 K, respectively.

In Figure 7, the biomass components were assumed to decompose indepen-
dently of one another as stated by Di Blasi [15]. But the results revealed that de-
gradation temperatures were overlapping to one another; this also was reported
by [8] that lignocellulosic biomass samples show the overlapping peaks during
thermal decomposition. The different thermal degradation behavior of cellulose,
hemicellulose and lignin are attributed to their individual chemical nature. The
hemicellulose has random amorphous structure, which contains heteropolysa-

charides and thermally degrades at low temperature. While cellulose is a linear
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Figure 7. The variation of conversion factor with temperature.

polymer of glucose, which contains crystalline and amorphous region, the crys-
talline is resistant to heat, which makes the cellulose to degrade at 513 K - 623 K
producing an hydrocellulose and levoglucosan. Lignin is highly branched, mo-
nonuclear aromatic polymer forming a lignocellulosic complex in the biomass.
The thermal decomposition of lignin occurs at 553 K - 773 K yielding phenol via

cleavage of ether and carbon-carbon linkages [16].

3.4. Thermodynamic Analysis Results

The thermodynamic properties of the biomass components, the values of change
of entropy (AS"), enthalpy (AH") and Gibbs energy (AG") were calculated from
Equation (8) and Equation (9), and the results are shown in Table 3. The change
of entropy for hemicellulose and cellulose were positive, this shows that their
products (active complex) are less organized structure than the initial reactant,
while the change of entropy of lignin was negative, which show that the product
is more organized structure than the lignin itself. The data obtained in Table 4
for the enthalpy change (AH") show that high energy is required for the decom-
position of cellulose since its potential energy barrier is high of 452 kJ/mol, as
compared to energy added to decompose hemicellulose (255 kJ/mol) and lignin
(83 kJ/mol). The Gibbs free energies of hemicellulose and cellulose are negative,
therefore the degradation at their peak temperature is spontaneous in forward
reaction, while the Gibbs free energy of lignin is positive, and so it has slow de-

gradation.

4. Conclusions

The pine sawdust has high volatile matter of 81 wt%, whereas coal has about
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Table 4. Thermodynamic properties for pine sawdust.

Parameters Hemicellulose Cellulose Lignin
T K 590 620 796.9
AS, J/mol K 193.669 478.137 —-160.805
AH, k]/mol 254.971 452.464 83.440
AG* k]/mol -30.825 —214.440 207.507

20 wt% [17]. The high volatility of biomass offers important advantages as a
combustion feedstock and high reactivity of both the fuel and the resulting char.
The ash content of pine sawdust is 0.37 wt%, which is much lower than that of
bituminous coal at 53.802 wt% [17]. The lower ash content avoids the risk of bed
agglomeration in fluidized bed boilers, thus reducing fouling, slagging and su-
per-heater corrosion [18]. Thus received calorific value was 15.10 MJ/kg, partly
due to high oxygen content of 44.2 wt%. High oxygen content lowers the heating
value [19]. The biomass calorific value can be increased to more than 20 MJ/kg
through biomass pretreatment process such as steam explosion.

The activation energy of lignin is lower than that of cellulose and hemicellu-
lose, but decomposes at higher temperature of 797 K, while the hemicellulose
and cellulose decompose at lower temperature of 590 K and 620 K respectively,
indicating that hemicellulose and cellulose are more reactive than lignin. Cellu-
lose has a higher conversion rate of 9.5%/min at 610 K than hemicellulose
5%/min at 590 K and lignin 2%/min at 797 K. Lignin has a wider temperature
range of degradation of about 450 K - 880 K than the other biomass compo-
nents. The degradation temperatures of biomass components are overlapping to
form single peak as observed in Figure 4 and the individual peak of biomass
components is shown in Figure 7. Hemicellulose is degradable at a temperature
of 590 K, such that pine sawdust can be used in torrefaction for production of
char, at process that occurs at 480 K to 600 K [20].

The thermodynamic parameters (entropy, enthalpy and Gibbs free energy) of
active complex of pine sawdust show that lignin is more stable and the least sta-
ble component is hemicellulose. Generally, the pine sawdust thermal decompo-

sition is exothermic process and the overall heat of reaction is —4.59 M]/kg.
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Nomenclature

A: Pre-exponential factor (s™)

E,; Activation energy (kJ/mol)

f(x): Conversion function (-)

k Reaction constant (s™)

: Order of reaction

R: Universal gas constant (J/mol-K)
TG: Thermogravimetric

DTG: Differential Thermogravimetric
DSC: Differential Scanning Calorimetry
T: Temperature (K)

t. Time (s)

T,en: Peak temperature (K)

x: Degree of conversion (-)

[ Heating rate (K/min)

AG: Gibbs free energy (J/mol)

AH: Enthalpy change (J/mol)

AS: Entropy change (J/mol)
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