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Abstract

To be known the kinetics of combustion reaction of biomass is required not only because of having information
and distinguish between different energy potential of wood and crop biomass, but also for biomass pyrolysis
modelling purposes. In this paper, there are introduced the values of activation energy, often used often for
expression of combustion reaction kinetics, which were calculated for three different fast-growing tree (Paulownia
tomentosa, Populus x euroamericana, Salix viminalis) and two different energy crop species (Arundo donax, Mis-
canthus x giganteus). The activation energies calculated by different methods showed significant differences,
which were caused by application of different approaches to determination of thermal degradation process and
different equations for setting the activation energy. Those are still developing to find an approach which will be
more appropriate and precise and will exclude the known errors which present methods include. The overall
difference of activation energy calculation results was of F 38.46 kJ-mol-1 on average.
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1 Introduction 1 Uvod

In recent years, renewable energy resources V poslednych rokoch sa obnovitelné zdroje
have become widely accepted to help solve the energie stali Siroko akceptovanymi zdrojmi,
world’s potential energy crisis. Perspective of ktoré mozu napomoct pri niesent p'oten01a1nej
the exhaustion of fossil fuels has accelerated the svetovej energeticke] krizy. Z hladiska vycer-
search for new alternative sources of raw mate- pania fosilnych paliv sa urychlilo hfadanie no-
rials for industrial and energy use. Another vych alternativnych zdrojov surovin na priemy-
stimulus is also indicative targets set by the selné a energetické vyuzitie. DalSim stimulom
EU's renewable sources of energy (RES) that st aj indikativne ciele stanovené obnovitel'nymi
among other things, assume that RES will pro- zdrojmi energie EU (OZE), ktoré okrem in¢ho
vide 20 % of the total energy needs of the EU. predpokladaju, ze OZE pokryje 20 % celkovjch
These renewable sources should have energetickych potrieb EU.
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irreplaceable share of energy from biomass
(fast-growing trees and energy crop).

To be known the kinetics of combustion reac-
tion of biomass is required not only because of
having information and distinguish between dif-
ferent energy potential of wood and crop bio-
mass, but also for biomass pyrolysis modelling
purposes.

In this paper, there are introduced the values
of activation energy, often used often for ex-
pression of combustion reaction kinetics, which
were calculated for three different fast-growing
tree (Paulownia tomentosa, Populus x eu-
roamericana, Salix viminalis) and two different
energy crop species (Arundo donax, Miscanthus
X giganteus).

2 Material and Methods

The kinetics of the combustion reaction for
the biomass samples was described in terms of
the activation energy (J-mol-1), calculated using
three different iso-conversional kinetic meth-
ods: Ozawa-Flynn-Wall [1], Kissinger-Aka-
hira-Sunose [2] and ASTM-E698-05 [3]. Those
methods application require first to perform the
thermogravimetry (TG/DTG) and differential
scanning calorimetry (DSC) analyses to derive
the input parameters for calculating the activa-
tion energy.

Application of the Ozawa-Flynn-Wall
method requires the TG/DTG curves to be used
simultaneously to determine the activation en-
ergy values of biomass samples. When applied
the Kissinger-Akahira-Sunose method, the peak
temperature from the DSC curve and heating
rate for several thermal analysis curves must be
used, correlated and applied in the activation en-
ergy calculation. When applying the ASTM
method, the reciprocal of temperatures at which
the reaction peaks occur as a function of the log-
arithm (log) of respective heating rates are plot-
ted and the parameters entering the activation
energy calculation have derived from this plot.

3 Results and discussion

Thermal behaviour of Miscanthus x giganteus
and Arundo donax studied Jeguirim et al. [4].
Thermogravimetric analyses were performed at
temperature of 5 °C-min™! under air atmosphere.
The thermal degradation rates in devolatiliza-
tion and combustion steps, the initial degrada-
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Tieto obnovitel'né zdroje by mali mat’ nenahra-
dite'ny podiel energie z biomasy (rychlo ras-
tuce dreviny a energetické plodiny).

Je zname, Ze kinetika spalovacej reakcie bio-
masy nie je potrebna len z dévodu disponovania
informaciami a rozliSeniu medzi ré6znym ener-
getickym potencidlom drevnej a rastlinnej bio-
masy, ale tiez na ucely modelovania pyrolyzy
biomasy.

V tomto ¢lanku st uvedené hodnoty aktivac-
nej energie, ktora sa ¢asto pouziva na vyjadrenie
kinetiky spalovania, ktoré boli vypocitané pre
tri r6zne druhy rychlo rasttcich drevin (Paulow-
nia tomentosa, Populus x euroamericana, Salix
viminalis) a rozliéné druhy energetickych
plodin (Arundo donax, Miscanthus x gi-
ganteus).

2 Material a metody

Kinetika reakcie spalovania vzoriek bio-
masy bola opisana z hl'adiska aktivacnej energie
(J-mol?), vypocitanej pomocou troch réznych
izokonverznych kinetickych metod: Ozawa-
Flynn-Wall [1], Kissinger-Akahira-Sunose [2] a
ASTM-E698-05 [3]. Aplikacia tychto metdd
vyzaduje, aby sa najskor vykonala termogravi-
metria (TG / DTG) a diferen¢n skenovacia ka-
lorimetria (DSC), aby bolo mozné odvodit’
vstupné parametre na vypocet aktivacnej ener-
gie.

Pouzitie metédy Ozawa-Flynn-Wall vyza-
duje, aby sa na stanovenie hodndt aktivaénej
energie vzoriek biomasy pouzili su¢asne krivky
TG/DTG. Pri pouziti metody Kissinger-
Akahira-Sunose sa pri vypocte aktivaénej ener-
gie pouziva maximalna teplota z krivky DSC
a rychlost’ zahrievania pre niekol’ko kriviek te-
pelnej analyzy. Pri pouZziti metédy ASTM sa vy-
nesu recipro¢né hodnoty teplot, u ktorych sa vy-
skytuju reakéné vrcholy v zavislosti od loga-
ritmu (log) prislusnych rychlosti zahrievania
a z tohto grafu sa odvodia parametre vstupujtice
do vypoctu aktivacnej energie.

3 Vysledky a diskusia

Tepelné spravanie Miscanthus x giganteus a
Arundo donax Studovalo Jeguirim et al. [4].
Termogravimetrické analyzy sa uskutocnovali
pri teplote 5 °C-min v atmosfére vzduchu. Sta-
novena bola miera tepelnej degradacie v devo-
taliza¢nych a spalovacich krokoch, po¢iato¢na
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tion temperature, and the residual weight were
determined.

Results showed that the initial degradation
temperature for Arundo donax under air atmos-
phere was lower than for Miscanthus x gigan-
teus. However, the thermal degradation rate was
higher for Miscanthus x giganteus. Apparent ac-
tivation energy was calculated as for devolati-
lization as for char oxidation phase. In the de-
volatilization phase Arundo donax apparent ac-
tivation energy was of 107.2 kJ-mol™ and of
253.6 kJ'mol™ in the char oxidation phase. Ap-
parent activation energy value for Miscanthus x
giganteus was of 96.4 kJ-mol™* in the devolati-
lization phase and of 279.9 kJ-mol* in the char
oxidation phase.

In our study, the activation energies were
calculated for second stage of thermal degrada-
tion process. The activation energy of Arundo
donax was calculated to 115.35 kJ-mol™ and of
Miscanthus x giganteus to 102.80 kJ-mol?, ap-
plying the Kissinger-Akahira-Sunos method.

The activation energy of the Populus sp. cel-

lulose studied also Liang et al. [5]. For its deter-
mination, they applied the Kissinger-Akahira-
Sunose method. The mean activation energy
value of poplar in their experiments was calcu-
lated to 176.20 kJ-mol-1. The activation energy
values of Populus x euroamericana calculated
by the means of four different methods ranged
from 119.72 kJ-mol? (Kissinger-Akahira-
Sunose method) to 209.70 kJ-mol? (Ozawa-
Flynn-Wall method).
Kinetic parameters, i.e. activation energy (Ea),
pre-exponential coefficient (A), rate constant (k)
of thermolysis in torrefied and raw willow wood
(Salix viminalis L.), as well as the effect of ther-
mal modification conditions on the kinetics pro-
cess was also studied by Walkowiak and
Bartkowiak [6]. Samples of raw and torrefied
willow wood in a steam atmosphere were ana-
lysed. The samples were subjected to thermo-
gravimetric analysis under isothermal condi-
tions. Analyses were conducted in an atmos-
phere of helium at 270 — 330 °C. TG and DTG
curves were recorded. The thermal characteris-
tics of the samples were based on thermogravi-
metric analysis under dynamic conditions at a
temperature of up to 600 °C. Based on the data
obtained from the TGA analyses, the kinetic
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degradacia a zostatkova hmotnost’.

Vysledky ukézali, ze pociato¢na teplota
degradacie pre Arundo donax v atmosfére vzdu-
chu bola nizsia ako pre Miscanthus x gi-
ganteus. Rychlost’ termickej degradacie bola
vsak vysSia pre Miscanthus x giganteus. Akti-
vacéna energia bola vypocitana ako pre devotali-
za¢nu ako aj pre fazu oxidacie uhlika. Vo faze
devotalizacie bola vypocitana aktivana energia
pre Arundo donax 107,2 kJ-mol? a 253,6
kJ-mol™ vo faze oxidacie uhlika. Hodnota akti-
vacnej energie pre Miscanthus x giganteus bola
vypo¢itanad na 96,4 kJ-mol! v devotaliza¢nej
faze a 279,9 kJ-mol™ vo faze oxidacie uhlika.

V naSej Studii sa aktivacné energie pocitali
pre druht fazu procesu termickej degradacie.
Aktivacna energia pre Arundo donax bola pou-
zitim metody Kissinger-Akahira-Sunos vypoci-
tana na 115,35 kJ-mol* a pre Miscanthus x gi-
ganteus na 102,80 kJ-mol™.

Aktiva¢ni energiu celuldzy Populus sp. Stu-
doval tiez Liang a kol. [5]. Na jej uréenie pouzili
metodu Kissinger-Akahira-Sunose. Priemerna
hodnota aktiva¢nej energie topola v ich experi-
mentoch bola vypo¢itana na 176,20 kJ-mol™.
Hodnoty aktiva¢nej energie pre Populus x euro-
americana vypo¢itané pomocou $tyroch roz-
nych metéd sa pohybovali od 119,72 kJ-mol*
(metdda Kissinger-Akahira-Sunose) po 209,70
kJ-mol? (metoda Ozawa-Flynn-Wall).

Kinetické parametre, t.j. aktiva¢na energia
(Ea), pre-exponencialny koeficient (A), rych-
lostna konstanta (k) termolyzy v torefikovanom
a surovom vibovom dreve (Salix viminalis L.),
ako aj vplyv podmienok termickej modifikacie
na ki neticky proces Studovali aj Walkowiak
a Bartkowiak [6]. Analyzovali vzorky surového
a torefikovaného vibového dreva v atmosfére
pary. Vzorky boli podrobené termogravimetric-
kej analyze za izotermickych podmienok. Ana-
1yzy sa uskuto¢novali v atmosfére hélia pri 270
- 330 ° C. Zaznamenané boli krivky TG a DTG.
Tepelné charakteristiky vzoriek boli zalozené
na termogravimetrickej analyze za dynamic-
kych podmienok pri teplote do 600 ° C. Na za-
klade udajov ziskanych z TGA analyz sa vypo-
citali kinetické parametre. Proces tepelného
rozkladu surového a torefikovaného vibového
dreva prebiehal v ramci jedného teplotného roz-
sahu aktivnej termolyzy.
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parameters were calculated. The process of the
thermal decomposition of raw and torrefied wil-
low wood takes place within one temperature
range of active thermolysis. In the areas of the
active thermolysis of the experimental material,
two temperatures each were established for the
maximum decomposition rate. One, contained
within the range of 260 — 269 °C, may be related
to the pyrolysis of the carbohydrate compounds
of the lignocellulosic materials, while the other,
covering the range of 333 — 334 °C, to the ther-
molysis of the aromatic compounds of the raw
material. Moreover, at the above-mentioned
temperatures, maximum decomposition rates
and percentage mass loss were also established.
The kinetics of the thermal decomposition of
the willow wood (Salix viminalis L.) the raw
willow wood lost 77.5 % of its initial mass. Un-
der identical conditions, the mass loss in the tor-
refied willow wood was in range 72.6 — 76.1 %.
The calculated values of activation energy for
the tested material (raw and torrefied willow
wood) with respect to selected kinetic models
were in the range from 138.1 kJ-mol™ to 227.3
kJ-mol. The highest activation energy values
were calculated for raw and torrefied willow
wood at a temperature of 200 °C in 24 hrs.

In our study, the thermal degradation process
of Salix viminalis was divided to three stage.
The second stage of thermal degradation pro-
cess, i.e. pyrolysis, took place in the tempera-
ture region from 160 °C to 380 °C. In this stage
the ash content was 1.9 w% on average, consid-
ering the different heating rate used in the ther-
mal analyses. The mass loss values were in
range 72.39 — 74.71 %. The activation energy
values were in range 113.96 — 193.16 kJ-mol?,
in dependence on the calculation method used.

Jeguirim and Trouvé [7] studied the activa-
tion energy of two energy crops: Arundo donax
and Miscanthus x giganteus, in the devotalisa-
tion and char oxidation steps. Activation energy
for the Arundo donax was set to 107.20 kJ-mol-
1 and to 96.40 kJ-mol™? for Miscanthus x gigan-
teus. Quite different results achieved Kok and
Ozgiir (2013), who applied the Ozawa-Flynn-
Wall, Kissinger and ASTM methods to calcu-
late the activation energies of Populus sp. and
Miscanthus x giganteus samples. The activation
energy values for Populus were calculated as
follows: by the Ozawa-Flynn-Wall method was
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V oblastiach aktivnej termolyzy experimen-
talneho materidlu sa stanovili dve teploty pre
maximalnu rychlost’ rozkladu. Jedna, ktora sa
nachadza v rozsahu 260 - 269 ° C, sa mo0ze vzta-
hovat’ na pyrolyzu sacharidovych zlucenin lig-
nocelulézovych materialov, zatial ¢o druha,
ktora pokryva rozsah 333 - 334 ° C, s termoly-
zou aromatickych zluc¢eniny dreva. Okrem toho,
pri vyssie uvedenych teplotach boli tiez stano-
vené maximalne rychlosti rozkladu a percentu-
alny ubytok hmotnosti. Kinetika tepelného roz-
kladu viby (Salix viminalis L.) surového dreva
viby stratila 77,5 % svojej pévodnej hmotnosti.
Za identickych podmienok bola strata hmot-
nosti v torefikovanom vibovom dreve v roz-
medzi 72,6 - 76,1 %. Vypocitané hodnoty akti-
vacnej energie pre testovany material (surové
a torefikované vibové drevo), s ohladom na vy-
brané kinetické modely, boli v rozsahu od 138,1
kJ-mol? do 227,3 kJ-mol™. Najvyssie hodnoty
aktivacnej energie boli vypocitané pre surové
a torefikované vibové drevo pri teplote 200 ° C
pocas 24 hodin.

V nasej studii bol proces termickej degrada-

cie Salix viminalis rozdeleny do troch stupiiov.
Druha etapa procesu tepelnej degradacie, t. j.
pyrolyza, sa uskutociiovala v teplotnej oblasti
0od 160 ° C do 380 ° C. V tomto Stadiu bol obsah
popola v priemere 1,9 hmotnostnych %, beruc
do uvahy rozdielnu rychlost’ zahrievania pou-
zitu pri termickych analyzach. Hodnoty tbytku
hmotnosti boli v rozsahu 72,39 - 74,71 %. Hod-
noty aktivacnej energie sa pohybovali v roz-
medzi 113,96 - 193,16 kJ-mol?, v zavislosti od
pouzitej metody vypoctu.
Jeguirim a Trouvé [7] Studovali aktivaénu ener-
giu dvoch energetickych plodin: Arundo donax
a Miscanthus x giganteus v krokoch devotaliza-
cie a oxidacie uhlika. Aktivacnd energia pre
Arundo donax bola stanovena na 107,20
kJ-mol? a na 96,40 kJ-mol* pre Miscanthus x
giganteus. Uplne rozdielne vysledky dosiahli
Kok a Ozgiir (2013), ktori na vypodet aktivac-
nych energii vzoriek Populus sp. a Miscanthus
X giganteus pouzili metody Ozawa-Flynn-Wall,
Kissinger a ASTM. Hodnoty aktiva¢nej energie
pre Populus sp. boli vypocitané nasledovne: po-
mocou metody Ozawa-Flynn-Wall 229,40
kJ'mol?, Kissingerovou metédou 135,80
kJ'-mol! a pomocou metody ASTM 143,2
kJ-mol™.
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of 219.20 kJ-mol?, by the Kissinger method of
129.20 kJ-mol™ and by the ASTM method was
of 138.1 kJ-mol™. The Miscanthus x giganteus
activation energies: by the Ozawa-Flynn-Wall
method was of 229.40 kJ-mol?, by the Kissinger
method of 135.80 kJ-mol™? and by the ASTM
method was of 143.2 kJ-mol™.

In our study the Arundo donax reached the
activation energy values ranging from 115.35
kJ-mol? (Kissinger-Akahira-Sunose method) to
201.75 kJ-mol?* (Ozawa-Flynn-Wall method).
The activation energy values of Miscanthus x
giganteus were in range 102.80 kJ-mol? (Kis-
singer-Akahira-Sunose  method) - 191.50
kJ-mol* (Ozawa-Flynn-Wall method).

4 Conclusions

The activation energies calculated by differ-
ent methods showed significant differences,
which were caused by application of different
approaches to determination of thermal degra-
dation process and different equations for set-
ting the activation energy. Those are still devel-
oping to find an approach which will be more
appropriate and precise and will exclude the
known errors which present methods include.
The overall difference of activation energy cal-
culation results was of ¥ 38.46 kJ-mol* on av-
erage.

Although, those results confirmed the suita-
bility of energy crops to be used as a renewable
energy source. Their advantage, compared to
woody biomass, are their higher and mostly an-
nual yields with very similar energetic proper-
ties.
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