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a b s t r a c t

Combustion performance of emerging raw marine biomass called Posidonia oceanica (PO) was investi-
gated using TGA apparatus and a bubbling fluidized-bed batch reactor. The kinetic mechanism and
parameters of the combustion process were determined. The Flynn-Wall-Ozawa (FWO) method and data
fitting method were analyzed. It was observed that a model based on consecutive processes: devolati-
lisation and char combustion for two fractions of PO (holocellulose and lignin), is the best model for the
analyzed cases. Combustion performance was observed using a BFB reactor and the composition of flue
gas after combustion was analyzed, and the conversion of NOx and SO2 was taken into account. The
relatively low SO2 emission in the case of PO combustion can be attributed to the impact of the sulphur
self-retention (SSR) process. The results were compared to the combustion of wood biomass and Turow
lignite. The results showed the good combustion performance of PO.

© 2017 Central Mining Institute in Katowice. Production and hosting by Elsevier B.V. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The generation of CO2 free energy can be achieved either by the
implementation of carbon capture and storage (CCS) technologies
or the partial substitution of fossil fuels with biomass, commonly
regarded as CO2-neutral fuel. Apart from having a positive envi-
ronmental impact in terms of CO2 direct emission reduction,
biomass combustion/co-combustion leads to the decrease of non-
renewable fuel depletion (Al-Mansour & Zuwała, 2010). Solid
biomass of terrestrial origin is usually used in combustion systems,
however, recentlymarine biomass is receiving special attention as a
feedstock for biorefinery processing and other thermal conversion
processes (pyrolysis and gasification) (Jung, Lim, Kim,& Park, 2013;
Kwon, Jeon, & Yi, 2012). Posidonia oceanica (L.) Delile (PO) is a
marine plant endemic to the Mediterranean basin. PO has been
recognized as a valuable feedstock for thermo-chemical processes
including combustion, gasification and pyrolysis (Plis, Lasek,
Skawi�nska, & Kopczy�nski, 2014). Moreover, it has been noted that
PO has high potential for sulphur self-retention (SSR). Thus, this
biomass has preferential properties for co-combustion with solid
fossil fuels like hard coal or lignite (Lasek & Kazalski, 2014).
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Recently Conesa and Domene investigated the gasification and
pyrolysis of Posidonia oceanica in the presence of dolomite (Conesa
& Domene, 2015). Dead PO leaves have been used by humans since
prehistoric times and are still being used today. Among the many
uses of PO, the most popular were such applications like mat-
tresses, shoes, wrapping for the transportation of delicate elements
(e.g. glasswork), roof parts, thermal insulation of buildings,
compost and others. However, it is necessary to respect the envi-
ronmental existence of PO meadows and to maintain a sustainable
balance between PO utilization and habitation (Boudouresque
et al., 2012). At the same time, some environmental problems
have been noted as the consequences of the uncontrolled decom-
position of PO at the coast of the Mediterranean Sea. This decom-
position caused some hygienic and environmental problems, e.g.
unpleasant odors or an increase in beach flies (Cocozza et al., 2011b,
2011a). Biomass characteristics and the kinetics of biomass thermo-
oxidative degradation are essential for modeling combustion pro-
cesses at an industrial scale (Yorulmaz & Atimtay, 2009). Further-
more, knowledge of the kinetics of the processes play an important
role in the proper designing of industrial equipment, especially
combustion chambers and heat transfer surfaces (Cordero,
Rodríguez-Maroto, Rodríguez-Mirasol, & Rodríguez, 1990).

Among the few main combustion technologies, i.e. pulverized
furnaces (PF), grate furnaces (GF) and fluidized-bed combustion
furnaces (FBC), the last is recognized as a highly effective method
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Table 1
Proximate and ultimate analyses of the fuels, air-dry state.

Posidonia oceanica Wood chips Turow lignite

Proximate Analysis (wt %, dry-air state)
Moisture 5.5 5.7 4.9
Ash 26.1 0.5 29.4
Volatile matter 54.4 78.8 38.5
Fixed carbon 14.0 15.0 27.2
LHV (MJ/kg) 11.900 17.372 16.714
HHV (MJ/kg) 12.816 18.660 17.716
Ultimate Analysis (wt %, a dry-air state)
S(total) 0.40 0.02 0.53
S(c) 0.18 0.01 0.46
C 35.5 48.5 43.7
H 3.60 5.26 4.04
N 0.27 0.21 0.40
O 28.85 39.82 17.10
Cl 0.92 <0.005 0.013
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for energy conversion from biomass combustion or co-combustion
with fossil fuels. Namely, the main benefits of FBC are compact
boiler design, fuel flexibility, higher combustion efficiency and the
reduced emission of gaseous pollutants such as SOx and NOx.
(Saidur, Abdelaziz, Demirbas, Hossain,&Mekhilef, 2011). Moreover,
bubbling fluidized bed (BFB) technology is well suited to smaller
industrial applications as well as to the combustion of waste ma-
terials (Koornneef, Junginger, & Faaij, 2007).

There are many methods for analysing non-isothermal solid-
state kinetic data from TGA (Lasode, Balogun, & McDonald, 2014;
L�opez-Gonz�alez, Fernandez-Lopez, Valverde, & Sanchez-Silva,
2014a; Slopiecka, Bartocci, & Fantozzi, 2012; White, Catallo, &
Legendre, 2011). Slopiecka et al. presented the division of methods
for studying solid-state kinetics (Slopiecka et al., 2012). Generally
the methods are divided into two group i.e. model-fitting and
model-free. Following on from this, the methods can apply
isothermal or non-isothermal TG results. Examples of model-
fitting, non-isothermal approaches are the Differential, Freeman-
Carroll and Coats-Redfern methods. The examples of model-free,
non-isothermal approaches are the Kissinger, Flynn-Wall and
Ozawa (FWO), Vyazovkin and AIC, Kissinger-Akahira-Sonuse (KAS)
methods. The advantage of model-free analysis is its simplicity and
the avoidance of errors connected with the choice of a kinetic
model. The disadvantage of these methods is a series of measure-
ments at different heating rates which must be made for the same
sample mass and the same volume flow of inert gas, any fluctuation
can cause errors (Slopiecka et al., 2012). Most investigations used
isoconversional (e.g. KAS, FWO) methods to determine kinetic pa-
rameters, these provide an excellent approximation of the process
(Lasode et al., 2014). However, they ideally reflect the process
mechanism for single step processes. In addition, most of the ki-
netic models in the available literature assumed that pyrolysis or
combustion had only one decomposition process. Thus, activation
energy values varied with the degree of conversion or they are
presented as an average value. Such average values of the activation
energy do not reflect the true value of energy and may differ from
one other. However, models based on nonlinear regression pro-
cedures (data fitting), are recommended for complex chemical
processes.

The fundamental investigations of the thermo-chemical prop-
erties of PO have been carried out before (Cocozza et al., 2011b,
2011a; Plis et al., 2014). However, there is still a lack of knowl-
edge related to the kinetics of PO combustion and the possible
application of PO in larger-scale combustion chambers. The aim of
this work is to investigate PO combustion kinetics using TGA and to
carry out a pilot combustion process in a fluidized-bed combustor
(batch reactor). Kinetics model of PO combustion and kinetic pa-
rameters have been determined by using thermo-gravimetric
analysis (TGA).

2. Methods

2.1. Biomass characterisation

The raw PO material was collected from a beach on the Medi-
terranean Sea in the Oristano region, Sardinia, Italy. Proximate
analyses of the PO samples were performed using the classical
method (Procedure of Institute for Chemical Processing of Coal, No.
Q/LP/05/A:2011 and Q/LP/06/A:2011 for moisture and ash respec-
tively). Ultimate analysis was performed using LECO True-Spec
CHN and LECO SC632 analysers. The lower heating value (LHV)
was measured using LECO AC500 apparatus. Thermogravimetric
analysis (TGA) was carried out with an STA 409PG Luxx (NETZSCH-
Geratebau, Germany). The samples were placed in a crucible made
from Al2O3. The biomass thermo-oxidative degradation
(combustion) process was performed at temperatures between
313 K and 1273 K with heating rates of 4, 8, 16 and 32 K min�1

under flows of the mixture of N2 (79 vol.%) and O2 (21 vol.%) from a
pressurized tank (50 mL min�1). The samples weighed (5.0 ± 0.1)
mg.

Fuel properties are shown in Tables 1 and 2. Table 1 depicts
proximate and ultimate analysis of the fuels and Table 2 shows ash
analysis after the thermo-oxidative degradation of fuels. These
analysis values were used for the determination of fuel mass that
was introduced into a reactor to maintain the same portion of
chemical energy (in fuel) being introduced to the combustion
chamber. In the case of each fuel sample, the energy portion was
32.97 kJ. Moreover, sulphur and nitrogen content in fuels can be
used for the evaluation of SO2 and NOx emission from the com-
bustion process. Ash analysis is important in order to estimate the
impact of sulphur self-retention (SSR) on SO2 emission.

2.2. Combustion experiments

A fluidized-bed (batch) combustor was used in previous
research and it is described elsewhere (Lasek, Janusz, Zuwała, Gł�od,
& Iluk, 2013). The reactor is made of a stainless-steel tube, and its
main parameters are as follows: reactor diameter of 0.075m, height
of 1 m, and bed height of 0.25 m. The silica sand (diameter of
0.315e0.5 mm) of the bed was laid on a ceramic sieve. Before the
main experiments, the reactor was heated up (up to 850 �C) using
an electrical heating system and next a pre-determined portion of
the fuel was introduced into the open reactor. The open systemwas
applied to observe combustion performance and detect any
decrease in particle size during combustion. Besides the combus-
tion of raw PO, two different and reference fuels were combusted,
these being wood chips (diameter of 1e2 cm) and “Turow” lignite
(diameter of 1.4e1.7 mm). Diameter (size) of the fuel particles was
kept as-received, which means that they were not preprocessed to
show combustion performance using real-size particles. The goal
was to check the behavior of raw PO particles during the com-
bustion process. Fig. 1 shows a picture of PO and wood chips. Flue
gas was continuously analyzed using a Fourier transform infrared
(FTIR) analyser (GASMET DX4000), and flue-O2 was measured us-
ing a zirconium sensor analyser (AMS Analysen). The temperature
above the bed was measured using a K-type thermocouple (diam-
eter of 2 mm). The measurement uncertainty was below 5 K. The
conditions of every experiment were kept as follows: temperature
above the bed 850 (±3)�C, air flow rate 1.54 (±0.04) kg/h, pressure
drop 15.82 (±0.14) mbar, superficial gas velocity 0.31 (±0.01) m/s.
Temperature was kept at a level typical for industrial fluidized-bed
combustors (Koornneef et al., 2007).



Table 2
Elemental composition of ash after thermo-oxidative degradation of fuels.

Posidonia oceanica Wood chips Turow lignite

SiO2 27.52 11.7 44.86
Al2O3 6.62 1.08 37.79
Fe2O3 9.86 0.94 4.86
CaO 21.77 34.64 1.34
MgO 4.36 8.26 1.31
P2O5 0.19 9.13 0.49
SO3 2.51 6.07 0.57
Mn3O4 0.13 1.54 0.04
TiO2 1.95 0.15 4.91
BaO 0.02 n/a 0.09
SrO 0.13 0.18 0.04
Na2O 4.81 0.42 1.45
K2O 1.34 14.18 0.71

A. Plis et al. / Journal of Sustainable Mining 15 (2016) 181e190 183
3. Results

3.1. Fuel analysis

Table 1 includes proximate and ultimate analyses of the fuels
(air-dry state). Table 2 shows the elemental composition of ash
after combustion of the fuels.
3.2. TG analysis of PO thermo-oxidative degradation

The results from for the thermogravimetric analysis of the
thermo-oxidative degradation process of PO are shown in Fig. 2 as
the mass loss (TG) and the rate of mass loss (DTG).

An accurate analysis of PO thermo-oxidative degradation using
TGA-MS-FTIR techniques was carried out and described by A. Plis
et al. (2014).
3.3. Combustion of PO in fluidized-bed combustor

Fig. 3 shows time-scale stages of PO combustion. The frames
represent the stages of combustion during the time of the com-
bustion process. A black line is a thermocouple that was introduced
into the reactor to control the temperature above the bed.

Fig. 4 represents measured flue gas composition, this being CO2,
O2, H2O and CO concentration at the outlet of the reactor. Fig. 5
shows a comparison of nitrogen and sulphur compounds conver-
sion, this being NOx (NOþNO2), NO, NO2, N2O, HCN, SO2.
Fig. 1. Posidonia oceanica (c), wood chips (b) and Turow ligni
4. Discussion

4.1. Fuel properties

The ash content of PO (i.e. 26.1 wt.%) is comparable with the ash
content of lignite (i.e. 29.4 wt.%). Verma, Kumar, Mishra, and Sahoo
(2017) analyzed 30 species of different seaweeds. They noticed that
the ash content of seaweeds varies depending on species,
geographical origin, season, environment and other parameters.
Total ash content investigated in their study was in a range of
13.395e35.828 wt% (dry base). It was observed by Lasode et al.
(2014) and Balogun, Lasode, and McDonald (2014) that non-
woody biomass has higher ash content compared to woody
biomass. It can be observed that, in Table 1, PO has the lowest
calorific value when compared to two other fuels. It is known that
increased ash content and decreased C content leads to the
decrease of calorific value (Balogun et al., 2014). Thus, when
compared to reference fuels (i.e. wood chips and lignite), the lower
C content and higher ash content of PO leads to relatively low
calorific value. The higher heating value (HHV) of PO in this study
(12.409 MJ/kg as received) is slightly lower compared to the value
obtained by Chiodo et al. (i.e. 14.88 MJ/kg as received) (Chiodo,
Zafarana, Maisano, Freni, & Urbani, 2016). However, the obtained
values are comparable with the reported HHV values for other
types of seaweeds (i.e. L. digitata (LD), L. hyperborea (LH),
L. saccharina (LS) and A. esculenta (AE)) (Anastasakis & Ross, 2015).

4.2. Preliminary analysis of TGA

It can be observed in Fig. 2 that the thermo-oxidative degra-
dation process can be split into four stages. The first stage, where
the temperature ranges from 313 K to 450 K, with a maximum DTG
at 362 K, is characterized bymoisture evolution, resulting in a mass
loss of 1.6%. In the second stage, the temperature ranges from 450 K
to 685 K, with a maximum DTG at 580 K, and the mass loss attains
28.6% due to the hemicellulose and cellulose decomposition
(devolatilisation). Cellulosic and hemicellulosic fractions are part of
the holocellulosic component. This is a valid approximation
because a second peak in DTG combustion (basically related to
holocellulose devolatilisation) is a symmetric peak that does not
present a hemicellulosic shoulder (Barneto, Carmona, Conesa
Ferrer, & Díaz Blanco, 2010; Jauhiainen, Conesa, Font, & Martín-
Gull�on, 2004; Kaloustian, Pauli, & Pastor, 2001). In the third
stage, the temperature varies between 685 K and 850 K, with a
te (a) used in the combustion test using the BFB reactor.



Fig. 2. TG-DTG of PO sample thermo-oxidative degradation process for heating rate 16 K/min.

Fig. 3. Time-scaling stages of PO combustion in the fluidized-bed reactor (batch).
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maximum DTG at 732 K (16.0%) and in the last stage from 850 K to
1273 K with a maximum DTG at 940 K (6.3%). In the third stage,
char combustion takes place, producing new volatiles and solid
residues, and in the last stage the devolatilisation of char and the
decomposition of mineral inorganic residues take place (Mamleev,
Bourbigot, & Yvon, 2007; M�esz�aros, Jakab, V�arhegyi, & T�ov�ari,
2007; Rizzo, Prussi, Bettucci, Libelli, & Chiaramonti, 2013). During
every stage, volatile combustion takes place (Conesa, Marcilla, &
Caballero, 1997; V�arhegyi, Cz�eg�eny, Jakab, McAdam, & Liu, 2009).
The residual mass after the thermo-oxidative degradation process
was 46.3%. The greatest loss of mass, approximately 28.6% of the
total mass of the PO sample, was due to the volatilisation of the
sample's components and the char-oxidation processes (Gao, Li,
Quan, Du, & Duan, 2013). Mass loss at higher temperatures is
attributed to inorganic decomposition (Ross, Jones, Kubacki, &
Bridgeman, 2008). According to the results described in the pre-
vious work (Plis et al., 2014) main gaseous products that are
generated during the process and detected by MS and FTIR spec-
trometers are CH4, H2O, CO, light hydrocarbons (C2H6, C2H4, C3H6)
and CO2. These gases achieve their maximum yields in the
temperature range of 500e800 K, where the mass loss of PO during
the thermo-oxidative degradation is also maximal. In higher
temperatures all gases are oxidized to CO2.

Several combustion characteristic parameters are defined, such
as ignition temperature (Ti), peak temperature (Tmax), burn-out
temperature (Tb) and burning time (BT). There is also a combus-
tion characteristic factor (CCF), which can be used to preliminary
assess biomass combustion performance (Wang, Jiang, Han, & Liu,
2009) This factor is based on the energy required to burn a mate-
rial in terms of low Ti and Tb values and high (dw/dt)max and is
expressed as follows:

CCF ¼
�
dw
dt

�
max

�
dw
dt

�
mean

��
T2i $Tb

�
(1)

where (dw/dt)max is the maximum burning velocity (%/min);
(dw/dt)mean is the average burning velocity (%/min); Ti is the
ignition temperature (K) and Tb is the burnout temperature (K).

It is deduced that the higher the CCF, the better the combustion
property of a material. When CCF index increases, the biomass
material ignites much earlier and the combustion characteristics
improve. It is known that values of CCF greater than 2 indicate good
general combustion performance (L�opez-Gonz�alez, Fernandez-
Lopez, Valverde, & Sanchez-Silva, 2014b; Wang, Wang, Yang, &
Liang, 2009). The inclusion of several important parameters such as
ignition temperature, burnout temperature, or mean burning rate
in the index give a comparatively comprehensive evaluation and
can be regarded as a reference for practical operation (Guo et al.,
2001; L�opez-Gonz�alez et al., 2014b; Wang, Jiang, et al., 2009; Yu,
Wang, Jiang, Wang, & Zhang, 2008).



Fig. 4. Comparison of flue gas composition measured in function of time after the
combustion of fuel portions.
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These characteristic parameters for different biomass materials
are shown in Table 3. It can be seen that the value of the CCF index
for PO is close to rape briquettes.
4.3. Kinetic analysis of PO thermo-oxidative degradation

Kinetic analysis was performed for the PO thermo-oxidative
decomposition (combustion) process, which was carried out us-
ing four heating rates: 4, 8, 16 and 32 K/min. As mentioned earlier,
during this process the four regions of mass loss can be distin-
guished. The first regionemoisture evolutionewas excluded from
the calculation of kinetic parameters. The kinetic equations for the
thermo-oxidative degradation runs can be expressed as follows:

da
dt

¼ k f ðaÞ (2)

k ¼ Ae�Ea=RT (3)

where f(a) represents the hypothetical model of the reaction
mechanism, k is the reaction rate, A is the pre-exponential factor
(min�1), Ea is the activation energy (kJ$mol�1), T is the absolute
temperature (K), t is the time (min), R is constant (8.314
(J$K�1mol�1) and a is the degree of conversion defined by:

a ¼ m0 �mt

m0 �mash
(4)

wherem0 andmt represent the mass at t ¼ 0 and t ¼ t, respectively,
mash the final mass of the sample.

For a constant heating rate b (K$min�1) during thermo-
oxidative degradation: b ¼ dT

dt ¼ const>0, Eq. (2) can be trans-
formed into:

da
dT

¼ k
b
f ðaÞ (5)

By integration of Eq. (4) the following can be obtained:

gðaÞ ¼
Za
0

da
f ðaÞ ¼

A
b

ZT
T0

e�Ea=RTdT (6)

where g(a) is the integral function of conversion.
Next, two kinetic analysis were performed:

a) Isoconversional integral method by Flynn-Wall-Ozawa (FWO)

The Flynn-Wall-Ozawa (FWO) method (Shuping, Yulong,
Mingde, Chun,& Junmao, 2010) is based on the following equation:

ln b ¼ ln
�
0:0048AEa

RgðaÞ
�
� 1:0516

Ea
RT

(7)

a ¼ const, lnb vs. 1/T, obtained at several heating rates, yields a
straight line whose slope enables the evaluation of the apparent
activation energy and pre-exponential factor. This analysis is cor-
rect if the activation energy and pre-exponential factor are constant
with increasing the degree of conversion a.

b) Data fitting method

In this paper two types of kinetic models of the thermo-
oxidative degradation process are presented. Both models seem
to correctly determine kinetic parameters (taking into account the
mechanism of the process) and they are the most frequently used
models in the literature. The first model is based on consecutive
processes: devolatilisation and char combustion for two fractions of
PO (holocellulose and lignin). This model is used for biomass
combustion in the literature (Barneto et al., 2010; Chen, Liu, & Fan,
2006; Chen, Duan,& Luo, 2008; Fang et al., 2006; Senneca, Chirone,
& Salatino, 2002):

The consecutive reactions are first order, and the kinetic equa-
tion is as follows:

�
da
dT

�
HC

¼ 1
b
ðk1 f ða1Þ þ k2 f ða2ÞÞ (8)

�
da
dT

�
L
¼ 1

b
ðk3 f ða3Þ þ k4 f ða4ÞÞ (9)

The second model is based on three parallel first order reactions
(for three fractions of seaweed: hemicellulose, cellulose and lignin)
(Branca, Iannace, & Di Blasi, 2007; Jauhiainen et al., 2004).

The kinetic equation is as follows:

giðaiÞ ¼
Za
0

dai
fiðaiÞ

¼ Ai

b

ZT
T0

e�Eai=RTdT for i ¼ 1;2;3 (10)



Fig. 5. Comparison of NOx, NO, NO2, N2O, HCN and SO2 volumetric fraction in flue gas as a function of time.

Table 3
Characteristic parameters of thermo-oxidative degradation (own analysis).

Material Ti Tmax Tb TB CCF$107

K min (%/min)2 K�3

Rape briquettes 494 585 977 18 3,23
PO 536 580 1023 19 2,18
Straw pellets 536 581 783 11 10,7
Alder wood pellets 566 611 793 9 27,3
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For solving equations and calculation kinetic parameters, the
numerical Levenberg-Marquardt method was used (Marquardt,
1963). This method minimizes the dependence defined by Eq. (7):

MinðdðAi; EaiÞÞ ¼ ai � FiðAi; EaiÞ
������!

for i ¼ 1;2;3 (11)

where FiðAi; EaiÞ ¼ dai
dT for i ¼ 1;2;3 .

The objective function (OF) to minimize was the sum of the
square difference between experimental and calculated data
(Conesa & Domene, 2011):
OF ¼
X
j

X
i

�
TGexpij � TGcalcij

�2
(12)

where i represents experimental data at time t in the experiment
with heating rate j. The value of TGexp or TGcalc represents mass loss
in the experimental and calculated data, respectively (Conesa &
Domene, 2011).

The deviation between experimental and calculated curves is
defined as:

SSEð%Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
OF=n

p
max

�
TGexpj

�$100% (13)

All calculations of kinetic parameters were performed using
Mathcad 14 and Netzsch Termokinetics 3 software.

Determination of activation energy and the pre-exponential
factor at different a is shown in Fig. 6a as dependence ln(b) vs. 1/
T, and in Fig. 6b as dependence Ea and log(A) vs. a.

Based on Flynn-Wall-Ozawa analysis of the PO thermo-
oxidative degradation process, it can be seen that activation
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energy and the pre-exponential factor are not constant with an
increase in the degree of conversion. In the range of a from 0.10 to
0.35, the values of the activation energy range from 240 to
270 kJ mol�1 and the log(A) ranges from 19 to 23. Then, in the range
of a from 0.35 to 0.60, the values of kinetic parameters sharply fall
and reach the values of activation energy in a range from 240 to
120 kJ mol�1 and the log(A) ranges from 19 to 7. In the last range of
a from 0.60 to 0.80, the activation energy increases and reaches
values from 120 to 230 kJ mol�1 and the log(A) increase from 7 to
14. The conclusion from the FWO analysis is that thermo-oxidative
degradation is a complex process consisting of different reactions.
The variation in the reaction mechanism causes changes in the
values of activation energy with progressing conversion.

The kinetic model proposed for the thermo-oxidative degrada-
tion of PO could be interpreted in two ways: considering consec-
utive first order reactions, devolatilisation and char combustion for
two fractions of PO (holocellulose and lignin), and considering the
materials formed by three independent parts, each one following
an independent reaction (model of parallel first order reactions).
Using TG data, Equations (2)e(6) and (8)e(10) and the “data fitting”
method with two kinetic models, the values of the activation en-
ergy and pre-exponential factor were calculated. Fig. 7 shows the
TG curves of experimental and calculated data, at all studied
heating rates Table 4 and Table 5 present kinetic parameters for
both kinetic models obtained in the thermo-oxidative degradation
fitting.

In the case of consecutive reactions of the thermo-oxidative
degradation of holocellulose and lignin, the first reaction implies
the thermal degradation (devolatilisation) of holocellulose (first
consecutive reaction (8)) and lignin (second consecutive reaction
(9)) that produces volatiles and char, and then char combustion in
the presence of oxygen takes place (Kaloustian et al., 2001;
Mamleev et al., 2007).

These results are in accordance with those obtained from other
lignocellulosic materials. For example, the study of Kaloustian et al.
(Kaloustian et al., 2001) reveals that holocellulosic fraction in
various plants has an activation energy between 150 and
200 kJ mol�1 under air atmosphere. For holocellulosic fraction in
solid residues, from olive oil processing, activation energy of
153.7 kJ mol�1 was obtained but the reaction order is 1.57
(Jauhiainen et al., 2004). For the devolatilisation of the lignin
fraction, activation energy of 66.4 kJ/mol and reaction order of 2.94
were obtained by Jauhiainen et al. (Jauhiainen et al., 2004). As
observed, the activation energy values of the holocellulose frac-
tion's thermo-oxidative degradation are higher (120 kJ mol�1 for
the first stage and 203 kJ mol�1 for the second stage) than the lignin
fraction's thermo-oxidative degradation (44 kJ mol�1 for the first
stage and 203 kJ mol�1 for the second stage). And the activation
energy values of the devolatilisation process are lower than at the
Fig. 6. Plot for the determination of activation energy and pre-exponential factor at differen
and 32 K min�1.
combustion stage e 120 and 44 kJ mol�1 for holocellulose and
lignin fraction, respectively in the case of a devolatilisation reaction,
and 203 and 91 kJ mol�1 for holocellulose and lignin fraction,
respectively, in the case of a combustion reaction. The same trend is
observed in the case of pre-exponential factors.

In the second kinetic model, three regions of TG are assumed as
three different organic fractions (cellulose, hemicelluloses and
lignin) that would decompose simultaneously in parallel reactions
(Conesa et al., 1997; Shen, Gu, Luo, Bridgwater, & Fang, 2009;
V�arhegyi, Antal, Jakab, & Szab�o, 1997). In this work we accept this
approximation, using these fractions to correlate the kinetic model.
This approach does not imply that the content of each fraction was
pure hemicellulose, cellulose or lignin, although the real content of
these types of fractions are only related to its parent materials. In
the first reaction, hemicellulosic material decomposition and
combustion takes place when activation energy equals 93 kJ mol�1.
In the second reaction, the cellulosic material decomposition and
combustion take place with a higher value of activation energy e

256 kJ mol�1. And in the last reaction, ligninic material decompo-
sition and combustion take place with the smallest value of acti-
vation energy e 76 kJ mol�1. The same trend can be observed in the
case of the values of the pre-exponential factor. Considering the
kinetic approach and the kind of material (PO or similar seaweeds),
the access (literature data) to the kinetic analysis of thermo-
oxidative degradation is very limited. For example Conesa et al.
(Conesa & Domene, 2011) obtained different values of kinetic pa-
rameters, but with the same trend for the thermo-oxidative
degradation of PO. This means that the second reaction takes
place with the highest values of kinetic parameters and the third
reaction takes place with the lowest. The difference in the present
research and Conesa et al. results lies in the fact that, in the latter's
work, a kinetic model with n-order reactions was used while here
first order reactions are assumed. Other authors such as Caballero
et al. (Caballero, Font, Marcilla, & Conesa, 1995), Barneto et al.
(Barneto et al., 2010), or Sanchez-Silva et al. (Sanchez-Silva, L�opez-
Gonz�alez, Garcia-Minguillan, & Valverde, 2013) used a similar ki-
netic model, but for other materials, therefore it is impossible to
compare kinetic parameters. Differences in these kinetic parame-
ters indicate that the decomposition of a proper fraction is observed
at different temperature ranges for different biomasses. Generally,
cellulosic fraction decomposes in an air atmospherewith activation
energy of between 150 and 250 kJ mol�1, hemicellolosic fraction
decomposes with energy of between 100 and 300 kJ mol�1 and the
energy required for ligninic material decomposition varies in the
range of 100e230 kJ mol�1.

Comparing both kinetic models, it can be seen that the thermo-
oxidative degradation process of hemicellulosic and the cellulosic
fraction (hollocellulosic) takes place with higher activation energy
and pre-exponential factor than in the case of the lignin fraction. It
t a corresponding to the thermo-oxidative degradation with the heating rates of 4, 8, 16



Fig. 7. TG curves of experimental and calculated data for the PO thermo-oxidative degradation process (a) for consecutive first order reactions, (b) for three parallel first order
reactions.

Table 4
Kinetic parameters obtained in the thermo-oxidative degradation fitting based on consecutive reactions.

Sample Ea1, kJ$mol�1 A1, min�1 Ea2, kJ$mol�1 A2, min�1 Ea3, kJ$mol�1 A3, s�1 Ea4, kJ$mol�1 A4, s�1 R2

PO 120 1.6$108 203 2.0$109 44 0.3$102 91 7.9$107 0.9998

Table 5
Kinetic parameters obtained in the thermo-oxidative degradation fitting based on parallel reactions.

Sample Ea1, kJ$mol�1 A1, min�1 Ea2, kJ$mol�1 A2, min�1 Ea3, kJ$mol�1 A3, s�1 R2

PO 93 7.2$107 256 2.1$1014 76 2.3$106 0.9998
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is believed that the kinetic model, based on consecutive reactions,
is more probable than parallel reactions, because of two fractions
(hemicellulosic and cellulosic), which overlap and are assumed as a
holocellulosic fraction. The hollocellulosic and lignin fractions are
decomposed partly during the pyrolysis stage and during the
combustion stage. A simplified kinetic model was applied in this
research and it fit with the experimental data very well. The cor-
relation coefficient value is very high (>0.999) and the deviations
between experimental and calculated curves is 6.4% in the case of
the first kinetic model and 6.9% in the case of the second kinetic
model, which proves that the calculated data fit the experimental
data very well and that the kinetic models were correctly assumed.

4.4. Combustion of PO in fluidized-bed combustor

It can be observed (see Fig. 3) that during the first few seconds
the ignition and the combustion of volatiles occurred. A strong
flame irradiated due to the intensive combustion of volatiles
compounds that were released from the PO particle. After around
30 s the combustion stage gradually changes towards char com-
bustion and sample size was reduced during the process time. After
200 s the last combustible portion of PO was burned. It was
observed, that the PO particle was well mixed in the bed and the
particle size was gradually reduced across the duration of the
experiment, although the particle structure was not broken or
separated into few smaller pieces.

In the first 15 s of the process (see Fig. 4), the concentration of O2
decreased sharply. For the combustion of lignite and wood, there
was a greater decrease compared to PO combustion. This was
probably caused by differences in both particles diameter. Very fast
devolatilisation also led to a strong increase in CO emission. In the
case of PO, a significant decrease in O2 concentration with a
simultaneous generation of CO2 and CO can be observed until the
30th second of the process. This is consistent with the observed
devolatilisation process on the frames in Fig. 3. The further gradual
decrease of CO2 was caused by char combustion.

An important issue related to fuel combustion is the emission of
NOx and SO2. HCN is known as an important by-product of nitrogen
oxide conversion (Glarborg, Jensen, & Johnsson, 2003). Also this
compound exists in fuel-rich (reducing) regions during devolatili-
sation and/or the reburning process (Glarborg et al., 2003). This is
why the concentration of HCN is higher in the case of wood chips
and lignite (see Fig. 5). During the combustion of these portion of
fuels (wirh smaller particles compared to PO) devolatilisation was
faster and a fuel rich zone was created. Additionally, HCN is
recognized as the major precursor of N2O (Dagaut, Glarborg, &
Alzueta, 2008; Glarborg et al., 2003). It can be seen that NOx con-
centration increased rapidly for lignite and wood, whereas for PO it
increased gradually during the time range of 0e90 s. To compare
the emissions of NOx and SO2 from the combustion of the fuels,
total amounts of NOx and SO2 were calculated from the obtained
results. With the known area of the surface below the measured
fraction plot (from Fig. 5), air flow rate, weight of fuel sample and its
lower heating value (LHV), the pollutant emission mg/MJ was
determined. This is presented in Fig. 8. It should be stressed that the
total emission of NOx was determined by the measurement of only
NO and NO2 concentration. The total emission of NOx and SO2 in the
case of PO and wood chips are comparable, however it is worth
noting that the total amount of sulphur in the fuel in the case of PO
is much higher than the amount observed for wood chips (see
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Table 1). Furthermore, as previously mentioned the total emission
of SO2 for wood chips and POwas comparable. This can be probably
explained by the sulphur self-retention (SSR) process. In this pro-
cess SO2 emission can be reduced by reactions between themineral
matter in fuel ash and SO2 evolved during combustion. It is believed
that CaO plays a key role in the SSR process (Grubor, Manovic, &
Oka, 2003; Sheng, Xu, Zhang, & Xu, 2000), however the impact of
other compounds, such as MgO, Na2O and K2O, is still being dis-
cussed (Grubor et al., 2003). PO was recently recognized as a fuel
with high potential for the SSR process (Lasek & Kazalski, 2014).
Due to the high content of CaO in ash, SO2 can be removed inside a
combustion chamber. It can be seen in Fig. 5 (SO2 mode) that SO2
concentration decreased relatively quickly in the case of PO. Ac-
cording to Grubor et al. (Grubor et al., 2003) SO2 is evolved during
the combustion process in two main stages, these being during
devolatilisation and char combustion. During the first stage
(devolatilisation), sulphuric compounds of fuel are transformed
into H2S and it is subsequently oxidized to SO2. During the second
stage, sulphuric compounds are oxidized inside the char particle,
thus this process is influenced by oxygen transport from the bulk
zone to the inert char surface. The formed SO2 diffuses outward
through the char pores and it can react with the base oxides (CaO
and others) of the ash. As a consequence, part of SO2 can be
captured in ash formulating sulfates (Grubor et al., 2003; Lasek &
Kazalski, 2014). Thus, when looking at the SO2-PO trend in Fig. 5,
the relatively quick decrease in SO2 for PO, is probably caused by
the impact of SSR during char combustion. The decrease is observed
from about the 30th second and it is consistent with Fig. 3 where the
stage of char combustion was observed from the 30th second of the
process.

5. Conclusions

Posidonia oceanica (PO) was recently recognized as a biomass
that can be applied in thermal processes like pyrolysis, gasification
Fig. 8. Calculated total emission of NOx and SO2 from the combustion of Posidonia
oceanica, wood chips and Turow lignite.
and combustion. In this research, the combustion process of Pos-
idonia oceanica (PO) was investigated using a TGA analyser and a
bubbling fluidized-bed (BFB) batch reactor. The analysis of the
combustion parameters revealed good combustion performance.
For example, the value of CCF (combustion characteristic factor)
was higher than 2 and this is indicative of good general combustion
performance. A simplified kinetic model was applied in this
research and it was found to fit the experimental data very well. A
first-order kinetic model was assumed and the deviations between
experimental and calculated curves was 6.4%. The kinetic mecha-
nism and parameters determined could be useful for the modeling
of the PO combustion process in stationary combustion chambers.
The combustion of raw PO in a BFB reactor was observed as the
process divided into devolatilisation and char combustion stages.
The observation of the combustion process of PO using an open
reactor and the measurement of released combustion products
helped to determine periods of devolatilisation and char combus-
tion stages. The devolatilisation stagewas about 30 s long. After this
period the combustion stage gradually changed towards char
combustion. The emission of SO2 during the combustion of PO was
comparable with the emission observed during wood combustion.
The total amount of sulphur in the fuel, in the case of PO, is much
higher than the amount observed for wood chips. Therefore, the
relatively low SO2 emission in the case of PO combustion can be
attributed to the impact of the sulphur self-retention (SSR) process.
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