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ABSTRACT ARTICLE HISTORY

The thermal decomposition of six regional agro-industrial wastes under Received 21 January 2017
inert and oxidative atmosphere at different heating rates was studied Revised 2 August 2017
using thermogravimetric analysis. The kinetic parameters were calculated Accepted 5 September 2017
using the DAEM (distributed activation energy model) and FWO (Flynn- KEYWORDS
Wall-Ozawa) methods. The obtained thermogravimetric and differential DAEM and FWO models;
thermogravimetric curves show similar shapes, considering the pyrolysis Regional agro-industrial
and combustion phenomena. Nevertheless, the biomass weight loss is wastes; Thermogravimetric
slower and smaller under inert than oxidative atmosphere. The activation analysis; Thermal

energy average values () in inert atmosphere for the active pyrolysis decomposition

stage is about 133.90-275.57 kJ/mol and 136.51-261.10 kJ/mol for DAEM

and FWO, respectively. The E average values for the devolatilization stage

under oxidative atmosphere are about 104.11-125.73 kJ/mol and 108.40—

128.81 kJ/mol using DAEM and FWO methods, respectively. The results

calculated by FWO and DAEM methods show differences between activa-

tion energies for the same waste below 8%; thus, they were reliable and

predictive in this study. The variation of E values with progressing con-

version for two studied processes indicated the existence of a complex

multi-step mechanism that occurs during the degradation process.

Moreover, during the devolatilization stage of combustion, the lower

value of E indicates that the combustion is produced in parallel to

pyrolysis; the oxygen reacts with the remaining solid.

Introduction

The decrease in reserves of fossil fuel and the increase of energy demand have raised the
need to find different substitutes. There is considerable interest concerning biomass as a
renewable energy source in the context of climate change, mitigation, and energy security.
Considering that the principal economic activity of Argentina is agroindustry, biomass
wastes conversion through thermal treatment could be advantageous due to the wide
availability of this source. There are different processes in order to convert biomass in
energy, one being thermochemical conversion, which is one of more important technol-
ogies. Pyrolysis, gasification, and combustion are some of the main thermochemical
conversion routes and promising constituents of a future renewable energy scenario. In
order to design and simulate the thermochemical processes reactors, it is necessary to
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propose reliable comprehensive models that achieve a better understanding of the chemi-
cal reactions in each process (Sanchez-Silva et al., 2013).

In addition, several species have been investigated for the thermochemical conversion
processes, and their kinetic parameters and decomposition characteristics have been
determined using thermogravimetric analysis (Jerguirim and Trouvé, 2009; Meszaros
et al., 2004). In the present literature, there are also studies on the influence and interac-
tion between the main characteristics of biomasses that can be used as raw materials for
energy production (Senelwa and Sims, 1999).

The use of biomass for energy purposes allows the development of new activities based on a
market with continuous demand and without fluctuations, which generates stable, well-paid jobs
and represents a new source of income for local industries. According to the Committee of the
Regions in its opinion on the White Paper on Renewable Energies (Department of Minerals and
Energy, 2003), up to five times more jobs are created with renewable energy than with conven-
tional fuels (Mitchell and Connor, 2004).

On the other hand, the contribution to a smaller external dependence of the supply of fuels,
also facilitating the rural development, is one of the most outstanding macroeconomic bases of
the energy coming from the biomass. The use of biomass in single-family heating, centralized
heating of buildings, or in centralized heating networks are viable alternatives to the consump-
tion of natural gas and other fossil fuels, and can be favored and expanded if standards are
developed that promote and encourage their implementation at local, regional, and national
levels (Ericsson and Werner, 2016).

In view of the Cuyo Region, Argentina, one of the most important economic
activities is the agro-industry, highlighting the wine, olive, wood, and seasonal fruits
industries, such as peaches and plum. This sector produces a significant environmental
impact in specific geographical areas. In this country, approximately 1.40 * 10° t of
peaches and plums are processed in the canning and jam industries, generating an
important solid biomass wastes quantity, 7.98 * 10* t/year. A quantity of marc and
stalk equal to 5.19 * 10* t/year is generated by the wine industry. About 1.5 * 10° t/
year of olive oil is produced, generating 7 * 10° t/year of olive pits. Finally, the wood
industry produces approximately 7 * 10° t/year of sawdust (INTA, 2015).

These wastes are lignocellulosic biomass with relatively low moisture contents and they are
appropriate to obtain energy using the thermal treatment. In order to exploit these wastes to
obtain steam and after electricity, a combustor was installed in this region. Nevertheless, much of
this potential is unused in spite of the environmental advantages and the economic benefits of
this source of energy because there are some problems in current biomass combustion reactors.
In this case, the following problems were observed: lower thermal efficiency than fossil gas (the
biomass has a minor heating value); instability of heat load due to the variability of different used
biomass with a wide moisture content; slagging production (several biomass have a high K and
Cl content). These problems, have to be improved to avoid the irrational use of biomass (Prasad
et al, 2014).

Like other types of lignocellulosic biomass, agro-industrial waste mainly contains
cellulose, hemicellulose, and lignin. Therefore, high value added biofuel or heat can be
generated from the pyrolysis and combustion of agro-industrial wastes (Gao et al., 2013).
Pyrolysis is a thermally assisted decomposition process in the absence of oxygen, during
which lignocellulosic biomass can be converted into syngas, bio-oil, and bio-char (Dufour
et al,, 2013; Jahirul et al., 2012; Mettler et al., 2012). Syngas and bio-oil have higher heating
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values (HHV) and can be used for energy recovery. Bio-oil can also be further upgraded
into renewable transportation fuels to replace gasoline, diesel, and chemicals currently
derived from nonrenewable sources (Carlson et al., 2011; Carpenter et al., 2014; Paulsen
et al., 2014; Talmadge et al., 2014; Zhang et al., 2013). Bio-char can be used as a fuel
(Abdullah and Wu, 2009), activated carbon (Jung et al., 2013), or as a fertilizer replace-
ment, offering an advanced option for biological sequestration of carbon (Ahmad et al.,
2014; Lehmann, 2007; Manya, 2012). Combustion of agro-industrial wastes can be used
for electrical and heat energy (Nunes et al., 2017). An example of this use is the combustor
installed in the Cuyo region, as previously described.

Thermoanalytical techniques, in particular thermogravimetric analysis (TGA) and derivative
thermogravimetry (DTG), permit researchers to find the information about thermal processes in
a simple and straightforward way. TGA is one of the more commonly adopted techniques to
study thermal events during the thermal process (Aouad et al., 2002; Borah et al., 2005; Kok,
1998, 2003; Kok and Pamir, 2003b; Kok and Karacan, 1998).

The pyrolysis and combustion kinetics can help to produce sub-models that can be coupled
with transport phenomena to describe practical conversion processes and design more efficient
reactors (Cai et al., 2014). In previous studies (Fernandez et al., 2016, 2017), the kinetic analysis
was developed using Coats—Redfern and Sharp methods. These model fittings permitted us to
determine the most probable reaction mechanism for the agro-industrial wastes studied in the
present work at different decomposition atmospheres. The models found contraction geometry
for the pyrolysis active and the devolatilization stages, and the first-order reaction model for the
char combustion stage. Nevertheless, the involved reactions in the pyrolysis and combustion of
agro-industrial wastes are very complex and the corresponding activation energies may vary
with the degree of conversion. In this point, it is important to note that the isoconversional
methods are strongly recommended to determine the activation energy, and assist in the first
guess for the more complex kinetic schemes (Vyazovkin et al, 2011). The variation of the
activation energies can be obtained by means of isoconversional kinetic methods and the
distributed activation energy model (DAEM; Wang et al., 2016). The first methods yield the
effective activation energies as a function of the degree of conversion and permit to draw reliable
mechanistic conclusions (Venkatesh et al., 2013). The Flynn-Wall-Ozawa (FWO) method is
one of the most commonly accepted model-free techniques. The essential assumption of the first
method is that the reaction rate for a constant extent of conversion (a) depends only on the
temperature (T). Alternatively, DAEM is a multi-reaction model; it assumes that many decom-
position nth order reactions with distributed activation energies occur simultaneously. In this
case, a parallel reaction model is assumed. The distribution of reactivity resulting from the
reaction complexity is represented with enough reliability by a series of independent, parallel
reactions, each of them with its own activation energy and frequency factor (Vand, 1943).

Materials and methods
Solid biomass wastes characterization

Samples preparation

The samples were collected from the wastes of canneries, jam industries, wineries, and the timber
industry, which are located in San Juan province, Argentine. There are about six kinds of
lignocellulosic biomasses: peach, plum, and olive pits; marc, stalk, and sawdust.
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These materials were ground and sieved, and the resulting 0.10-0.21-mm size fraction
was used for the TGA. The samples were dried at 333 K to constant weight in a stove.

Proximate and ultimate analysis

The moisture, ash, and organic matter content were determined according to ASTM
standards (ASTM D3173-87; ASTM D3172-89). Elemental analysis of the samples was
performed using a EuroEA3000 elemental analyzer. In order to calculate the HHV, the
correlation proposed by Channiwala and Parikh (2002) was used (Table 1):

HHV [MJ/Kg] = 0.3491C + 1.1783H + 0.1005S — 0.10340 — 0.015IN
—0.02114 (1)

where C, H, S, O, N, and A are the content of carbon (percentage on weight), hydrogen,
sulfur, oxygen, nitrogen, and ash in the biomass, respectively.

Thermogravimetric analysis

A series of non-isothermal experiments was conducted for TGA using a microbalance (TGA-
50, Shimadzu, North America). The used heating rate was equal to 5 K/min, 10 K/min, and
15 K/min; the temperature range was 302-1173 K. The sample was placed in microbalance at
room temperature; hence, the TGA temperature was increased to 302 K while the sample was
sitting in a pan and data were recorded from that temperature. A graphic of used equipment
is shown in Figure 1. Figure 2 shows the temperature profile during the experiences.
Approximately 12 mg of agro-industrial wastes samples were placed in the equipment. The
selected particles’ size minimized heat transfer phenomenon limitations, affecting the reac-
tions when the particle size is greater than 2 mm (Abed et al.,, 2012; Volpe et al.,, 2017).
However, the mass transfer phenomena are always present causing secondary reactions to
occur. Hence, the model proposed is valid for the particular set of analyses conducted and
they give valuable insight. The inert gas used for pyrolysis was nitrogen with a flow rate of
100 mL/min. On the other hand, to simulate the combustion, the composition of the used
atmosphere was: 79% nitrogen and 21% oxygen with a flow rate equal to 100 mL/min. For
each agro-industrial waste and heating rate, three replications were performed. The repro-
ducibility of the experiments was acceptable with an error less than 5%.

Table 1. Results of proximate and ultimate analysis (dry basis, wt%).

Peach pits Stalk Marc Plum pits Olive pits Sawdust
C 53.01 46.14 5291 48.95 52.79 44.71
H 5.90 5.74 593 1.38 257 1.48
N 232 6.37 5.41 0.99 1.39 4.20
S 1.88 4.21 534 0.27 0.50 0.28
o* 36.89 37.54 30.41 48.41 42.75 49.33
Ash 1.30 10.16 8.81 0.73 233 1.19
Volatile matter (as received) 79.10 55.84 68.60 77.86 77.25 80.90
Fixed carbon 13.90 23.07 21.98 15.55 15.87 11.06
Moisture content (as received) 5.70 7.70 8.38 5.86 4.55 6.85
HHV (MJ/Kg) 21.39 12.03 13.31 13.71 17.02 12.19

Note. High heating values (HHV; dry basis).
*By difference.
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Figure 1. Graphic of used TGA equipment.
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Figure 2. Temperature profile during the experiences in oxidative and inert atmosphere.

Kinetic analysis

The basic rate equation applied in all kinetic studies is described by Eq. (2):

da
= KD (@ @
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where ¢, a, da/dt, f(a), and K are time, conversion degree or extent of reaction, the process
rate, conversion function, and rate constant, respectively. The conversion function repre-
sents the reaction model used and depends on the controlling mechanism. The extent of
reaction « can be defined as the mass fraction of biomass substrate that has decomposed
and can be expressed as shown below:

Wo—-W

(3)

o =
WO,Wf

where w, wy, and wyare the mass present at any time ¢, the initial mass, and the final mass
of solids remaining after the reaction, respectively. The temperature dependence rate
constant is expressed in terms of the Arrhenius equation as in Eq. (4):

— =A e f(a) (4)

where A is pre-exponential factor; E is activation energy; R is gas constant; T is absolute
temperature; and fla) is reaction model.

At a constant linear heating rate, § = dT/dt, integrating Eq. (4) by separation of
variables gives:

fda A
of (@) B
Letting x = —E/RT, Eq. (5) becomes:

AE e* e AE
g0 =5 |-+ ] Sax| =55 o ©

T
j e 7 dT (5)

To

s = |

X

The term p(x) is the temperature integral and has no exact analytical solution. Therefore,
only numerical integration or approximations can be used to solve the complex integral.
The difference of different iso-conversional methods is the type of applied approximation.
In this study, two approximations adopted to solve this equation are explained in the
following section.

Flynn-Wall-Ozawa (FWO) method

The FWO is one the most commonly accepted model-free techniques for the determina-
tion of kinetic parameters. The temperature integral in Eq. (6) was linearized using
Doyle’s empirical approximation (Doyle, 1961) described in Eq. (7):

InP(x) = —5.331 — 1.052x 7)
The final form of the FWO equation is expressed below:

AE E
In=In——-—>5.331 —1.052— 8
np nRg(oc) RT ®

Thus, a linear plot of Inf versus 1/T can be used to evaluate the activation energy
corresponding to each conversion step.
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Distributed activation energy model (DAEM) method
The distributed activation energy model belongs to multi-reaction models. The basic
assumption of DAEM is that infinity irreversible parallel first-order reactions are pro-
duced and they occur simultaneously. In this model, the activation energy usually follows
a Gauss distribution profile. This model has been extensively used for analyzing the
complex reactions occurring during the thermal decomposition of fossil fuels. On the
other hand, according to Fiori et al. (2012), DAEM is appropriate to describe the thermal
decomposition of biomass wastes. It assumes that the irreversible first-order reactions
have different kinetic parameters. Based on Lili et al. (2013), E and A can be calculated by
the following equation:

ln% - ln% +0.6075 — % (9)
Equation (9) develops a linear relationship between In % and 1/T with the slope of (-E/R).
Both activation energy E and frequency factor A can be determined from the slope and
intercept of the Arrhenius plots.

Result and discussion
Characterization of the raw material

Taking into account the obtained results of ultimate analysis shown in Table 1, the C
content varies between 44.71% and 53.01% for all studied regional agro-industrial
wastes. It is important to note that the biomass shows a higher O and H content
than the fossil fuels. Thus, the following covalent bonds contribute to HHV in
decreasing order: C=C, S-H, C-H, C-C, C-N, N-H, C=0, C-O, and O-H
(Lestander and Rhén, 2005). As can be seen, high O and H contents produce a smaller
HHV due to the smaller contained energy in C-H, C-O, and O-H bonds compared
with the C=C and C-C bonds. On the other hand, Volpe et al. (2016) carried out
pyrolysis experiments using grape marc under nitrogen atmosphere. They observed that
H is related to C by its reactivity in char, so when H is released, C becomes more stable
due to C-C becoming more aromatic.

The N and S contents in the studied biomass wastes are between 1.38-6.37% and 0.27-
5.34%, respectively. Taking into account the founded low contents of these elements, the
pollutant compounds released, such as SO, and NOy, will be negligible. The results shown
in Table 1 are consistent with those reported by Biney et al. (2015) in sawdust; reported by
Valente et al. (2015) in stalk; and reported by Bhavanam and Sastry (2014) in cotton husk.

The proximate analysis results are shown in Table 1. The marc shows the highest
moisture content and the olive pits show the smallest. It is necessary to consider that a
smaller water content decreases the energy requirements to carry out the thermal treat-
ment, reduce the residence time for drying, and rises the temperature resulting in better
conversion of the hydrocarbons. According the obtained results, the stalk shows the
highest ash content, affecting undesirably its thermal conversion.

The obtained values of HHV for the six agro-industrial wastes are similar to those
reported by Demirbas and Arin (2002) and Quirino et al. (2005). The peach pits show the
highest HHV due to the high content of carbon.
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Related to the volatile contents, the obtained values, 55.84-80.90 wt%, are comparable
to the results reported by Jeguirim and Trouvé (2009)—68.4 wt%, Daouk et al. (2015)—
83.3 wt%, approximately, and Crnkovic et al. (2012)—79.7-98.6 wt%. For fixed carbon, it
was observed that the results of Jeguirim and Trouvé (2009)—18.4 wt% and Daouk et al.
(2015)—15.4 wt%, approximately, are similar to the obtained values in this work (between
11.06% and 23.07%, dry basis). According to the correlation proposed by Parikh et al.
(2005) to calculate the HHV of solid fuels, considering the proximate analysis, the higher
volatile matter/fixed carbon ratio improves the contact of reactants and reduces the
residence time for the combustion process. That is, if the biomass has higher volatiles
content it reacts thermochemically at lower temperatures. The stalk shows the lowest value
of this ratio. On the other hand, according to Volpe et al. (2016), and comparing the
difference between C and FC contents and it relation with the HHYV, the peach pits should
present the highest HHV value and the stalk the lowest. This prediction was confirmed in
this work. The high content of organic matter makes these wastes very suitable for thermal
treatment (Demirbas, 2004).

TG and DTG of regional agro-industrial wastes: Effect of heating rate and reaction
atmosphere

Figures 3 and 4 show the influence of heating rate in TGA and DTG curves under inert
and oxidative atmospheres (Fernandez et al., 2016, 2017). During the pyrolysis decom-
position, three stages can be observed: a first drop in biomass weight is due to the
moisture and light volatile releases (below 473 K), the second stage in which the decom-
position of the agro-industrial wastes mainly happened (active pyrolysis), and the last
stage called passive pyrolysis (Figure 3). This step is produced at high temperature and the
weight loss is small (15%). Still, there remained little residue at 1173 K, i.e., about 20% of
original weight.

The active pyrolysis of all solid wastes is produced between 460 K and 700 K, for 5 K/
min, 10 K/min, and 15 K/min, respectively. The weight loss in this step is about 35-40% of
total weight (dry basis). Chouchene et al. (2010) studied the olive solid waste thermal
degradation under nitrogen atmosphere (with different oxygen concentrations) and mea-
sured the molar fraction of carbon oxides. This researcher observed that a large amount of
gas species, such as CO,, CO, CH,, and H,O, are released in this stage, indicating that they
mainly come from this step.

At this stage, the biomass is completely dried, and its main components (hemicellulose,
cellulose, and lignin) are decomposed with the temperature increasing. During this stage,
gaseous compounds are released; a fraction of them are condensable and they form the
liquid fraction produced during this phenomenon (Di Blasi, 2008).

During the oxidative decomposition, four stages can be observed: drying and light
volatile release, devolatilization, char combustion, and residual combustion (Figure 4).
These stages are associated with the peaks in the DTG curves and thus with the changes of
the slopes of the TG curves. Most weight loss occurs in the devolatilization stage, giving
average values equal to 56%, 55%, 54%, 42%, 45%, and 43% for peach, olive, and plum
pits, stalk, marc, and sawdust, respectively. Comparing the weight loss rate for the studied
wastes during this stage, the sawdust showed the highest value of this parameter at all
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Figure 3. TG and DTG curves for the studied biomass samples at: (a) 5 K/min, (b) 10 K/min, and (c) 15
K/min under inert atmosphere.

heating rates and the marc showed the lowest value. The temperature for the maximum
decomposition rate in this stage depends on the agro-industrial waste composition.

In the course of the oxidative decomposition, during the char combustion stage, occurs
a high weight loss: 25%, 29%, 27%, 31%, 38%, and 23% for peach, olive, and plum pits,
stalk, marc, and sawdust, respectively (average values). Zheng and Kozi (2000) studied the
possible events during thermal decomposition of biomass wastes in oxidative atmosphere
by TGA. Theses authors concluded that when the temperature increases during the
heating phase, the evolution of different products or groups of products occurs in
segmented (but overlapping) phases. During the first stage (T < 393 K), the moisture
evolution is produced, then (393 K < T < 723 K) the gases release occurs, primarily CO,
and CH,, and later (723 K < T < 873 K) it is connected with the release of chemically
bonded CO, and chemically formed H,O. At temperatures higher than 873 K, species
such as carbon oxides, tars, and hydrocarbon gases (heavy hydrocarbons such as fluorene,
phenanthrene, fluoranthene, and benzo (a) pyrene) were identified in the gas phase. At
higher temperatures, carbon oxides are the primary products. The characteristics of the
agro-industrial wastes in their work are comparable with the samples used in the present
research; therefore, the behavior of each stage is similar.

Under inert and oxidative atmospheres, the obtained TGA curves show different
behavior, concerning temperature ranges at the same heating rate. The initial and last
temperatures of each stage vary with respect to the atmosphere for the six biomass. The
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Figure 4. TG and DTG curves for the studied biomass samples at: (a) 5 K/min, (b) 10 K/min, and (c) 15
K/min under oxidative atmosphere.

differences for all agro-industrial wastes’ behaviors can be related to variations of their
compositions (Yang et al., 2007). According to George et al. (2014), these behaviors can
be due to interrelated phenomena as the interlinking of natural biopolymers of differ-
ent biomass components, the diverse thermal decomposition temperature ranges of
cellulose, lignins, and hemicelluloses, and the differences between the thermal sensitiv-
ities of tars.

Considering the temperature where weight loss first reached 0.5 mg (dry basis)/min, the
temperature where the weight loss reached its maximum, and the temperature where the
weight loss fell below 0.5 mg/min, it is observed that the temperature range of the different
decomposition stages is not affected by the heating rate. It is important to note that the
limit of 0.5 mg (dry basis)/min was established as an arbitrary limit for the start and end
for peaks. Figure 5 shows this behavior for the peach pits.

In all studied cases, for 15 K/min there was a lower peak temperature than that
registered for 10 K/min and 5 K/min. This phenomenon is due to a longer time, which
is required for the gas to reach equilibrium with the reactor temperature or particles
sample as a result of the heat transfer restrictions (Abed et al., 2012). However, the weight
loss is not affected when the heating rate is varied (Volpe et al., 2017).
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Figure 5. Comparison of the weight loss rates for peach pits under oxidative atmosphere.

Figure 6 shows the effect of atmosphere on the thermal decomposition of studied agro-
industrial wastes. The shapes of TG curves of the six materials for pyrolysis are similar to
those for combustion. However, the biomass weight loss is faster and higher under
oxidative atmosphere than under inert atmosphere. During the decomposition under
oxidative atmosphere, the maximum weight loss occurs in two steps: devolatilization
and char combustion. According to Grammelis et al. (2009) and Tang et al. (2011), this
phenomenon happens due to the acceleration in reaction biomass activity because there is

oxygen availability.
Different amounts of final weight were obtained under inert and oxidative atmosphere.
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Figure 6. TGA curves at different heating rates of the pyrolysis and combustion for marc.
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Pyrolysis and combustion kinetic analysis

The plots of iso-conversional lines in Figures 7-10 were derived from the application of
Egs. (8) and (9) to the TGA data. These include the main steps, such as active pyrolysis,
devolatilization, and char combustion. According to the FWO model, activation energy
(E), based on Eq. (8), can be determined from the slopes at progressing conversion degrees
calculated from the linear plots of Inf versus 1/T as shown in Figures 8 and 10. Activation
energy has also been calculated using the DAEM method using Eq. (9). The linear plots of

ln% versus 1/T were presented in Figures 7 and 9. In Table 2, the kinetic parameters
within a = 0.1-0.7 were presented in this study because of lower correlation values
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Figure 7. Regression lines to conversion of 10-70% based on the DAEM method for olive pits under
oxidative atmosphere.
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Figure 8. Regression lines to conversion of 10-70% based on the FWO method for plum pits under
oxidative atmosphere.
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Figure 10. Regression lines to conversion of 10-70% based on the FWO method for marc under inert
atmosphere.

obtained at conversion degrees above 0.7 (Ceylan and Topcu, 2014). It was observed that
the results for the E obtained from FWO and DAEM methods were similar with a
difference below 7% in inert atmosphere and a difference below 8% in oxidation atmo-
sphere for both studied steps (Figure 11). Lopez-Velazquez et al. (2013) reported that the
results with deviations lower than 10% between the Friedman and Kissinger—Akahira—
Sunose methods validated the reliability of the performed calculations and the excellent
predictive power of the direct methods. This indicated that the results calculated by FWO
and DAEM methods with differences below 8% were reliable and predictive in this study.

Figures 12-15 show a high dependence of the activation energy on a, which indicated
the existence of a complex multi-step mechanism that occurs in the solid state (Damartzis
et al,, 2011; Slopiecka et al., 2012). For example, the activation energy of plum pits in inert
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Table 2. Activation energy for conversion range of 0.1-0.7 using DAEM and FWO methods in an inert
atmosphere for all biomass.

DAEM model E FWO model
Biomass Conversion (a) (kJ/mol) AT R? E (kJ/mol) R? Difference (%)
Sawdust 0.1 96.41 9.17 *10°%®  0.99 99.88 0.99 3.60
0.2 130.33 399* 10" 0.99 132.7 0.99 1.79
0.3 144.62 3.25*10'2  0.99 146.58 0.99 134
0.4 157.51 211*10% 099 159.07 0.99 0.98
0.5 162.74 2,97 %10 099 164.25 0.99 0.92
0.6 172.63 122*10" 099 173.81 0.99 0.68
0.7 192.54 3.14*10"” 098 1929 0.98 0.19
Average 150.97 152.74
o 28.83 27.93
Plum pits 0.1 126.96 495%10' 099 128.59 0.99 1.28
0.2 138.86 496 *10'> 099 140.62 0.99 1.25
03 154.03 346* 10 099 155.43 0.99 0.90
0.4 165.28 1.06 * 10 0.99 166.46 0.99 0.71
0.5 163.7 258 %10 099 165.26 0.99 0.94
0.6 155.82 224*10'2 098 158.03 0.97 140
0.7 151.71 450*10"" 097 154.38 0.96 1.73
Average 150.91 152.68
o 12.66 12.60
Peach pits 0.1 130.62 9.13* 10" 0.99 132.75 0.99 1.63
0.2 130.84 343* 10" 0.99 133.25 0.99 1.81
0.3 134.66 329 10" 0.99 137.17 0.99 1.83
0.4 140.73 475%10"" 099 143.2 0.99 1.72
0.5 141.04 208 * 10" 0.99 143.78 0.99 191
0.6 145.01 235* 10" 098 147.78 0.98 1.87
0.7 114.37 2,69 * 10% 119.01 0.75 3.90
Average 133.90 136.71
o 9.43 8.91
Olive pits 0.1 162.81 725% 10"  0.99 163.00 0.99 0.12
0.2 162.38 701 *10™ 099 163.08 0.99 0.43
0.3 168.23 6.54* 10"  0.99 168.97 0.99 0.44
0.4 166.69 172*10™ 099 167.77 0.99 0.64
0.5 166.82 731*10® 094 168.15 0.95 0.79
0.6 153.47 147 %107 090 155.83 0.70 1.51
0.7 82.97 1.86 * 107 0.90 89.38 0.75 7.7
Average 151.91 153.74
o 28,51 26.61
Stalk 0.1 173.23 401*10'® 099 107.18 0.98 38.13
0.2 214.58 115 *10%" 099 212.24 0.99 1.09
0.3 246.72 141 %102 099 243.19 0.99 143
0.4 252.86 6.16 * 102 0.99 249.38 0.99 138
0.5 334.01 210 *10% 099 326.82 0.99 2.15
0.6 270.82 190 * 102 099 264.26 0.99 2.42
0.7 43535 8.09 * 1032 092 42465 0.92 2.46
Average 27537 261.10
o 79.74 90.72
Marc 0.1 124.09 253* 102  0.89 125.89 0.90 145
0.2 179.57 584 %10 099 179.3 0.99 0.15
0.3 202.56 1.09*10'"® 099 201.3 0.99 0.63
0.4 215.27 238* 10" 099 214.07 0.99 0.56
0.5 221.39 176 *10'® 097 220.22 0.96 0.53
0.6 268.21 2.70 * 10! 0.93 265.1 0.93 1.17
0.7 252.21 117*10"” 090 250.41 0.72 0.72
Average 209.04 208.04
o 4421 42.85

atmosphere is about 128.59-166.46 kJ/mol and 126.96-165.28 kJ/mol for FWO and
DAEM, respectively. Tables 2 and 3 present the average values and deviation standard
of kinetic parameters calculated by FWO and DAEM methods. The variation of E values
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Figure 14. Dependence of activation energy on the extent of conversion evaluated from the DAEM
method for pyrolysis process.

420
370
320 —e— Sawdust
= —o—Plum pits
£ 270 A
= .,4//‘_ ~e—Peach pits
5
g 220 s Stalk

—e—Olive pits

. —e—Marc

0.1 0.2 0.3 0.4 0.5 0.6 0.7
o (mg/mg)

Figure 15. Dependence of activation energy on the extent of conversion evaluated from the FWO
method for pyrolysis process.

with progressing conversion might be caused by the change in reaction mechanism
(Vyazovkin, 1996). In other words, the reaction mechanism would not stay the same in
the whole decomposition process.

Compared with the pyrolysis, the combustion is easily triggered, especially in the
second stage, because of the exothermic reaction of organic oxidation (Jiang et al., 2006).

For a equals 0.2-0.5, reactions of pyrolysis and combustion were in competition; in
fact, in this state, strong disturbances are involved for the determination of the activation
energy. During the first stage under oxidative atmosphere (devolatilization), the
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Table 3. Activation energy for conversion range of 0.1-0.7 using DAEM and FWO methods in an
oxidative atmosphere for all biomass.

DAEM model FWO model
Biomass Conversion (a) E (kJ/mol) AT R? E (kJ/mol) R? Difference (%)
Sawdust 0.1 169.37 171 %10  0.99 169.34 0.99 0.02
0.2 128.48 2.52 % 10" 0.99 130.95 0.99 1.89
03 118.89 127 10"  0.99 122.10 0.99 2.63
0.4 107.86 6.10* 10 0.99 111.86 0.99 3.58
0.5 99.68 6.59 * 10 0.99 104.29 0.99 442
0.6 99.39 474%107 099 104.18 0.99 4.60
0.7 156.47 861 * 10" 0.98 158.96 0.98 157
Average 125.73 128.81
o 25.6 24.19
Plum pits 0.1 103.39 968 * 10  0.99 106.31 0.99 2.75
0.2 111.61 894 * 10  0.99 114.77 0.99 2.75
03 106.05 930*10% 099 109.82 0.99 3.43
0.4 94.00 3.58* 10  0.99 111.86 0.99 15.97
0.5 85.19 289 %10 099 90.56 0.99 5.93
0.6 97.65 2.20 * 10 0.98 102.68 0.97 4.90
0.7 163.91 148 %10  0.99 166.32 0.96 145
Average 108.83 114.62
o 23.85 2234
Peach pits 0.1 117.50 541*10"° 099 120.25 0.99 2.29
0.2 115.31 122%10"° 099 118.46 0.99 2.66
0.3 114.28 468*10%° 099 117.74 0.99 2.94
0.4 108.21 6.34* 10  0.99 112.24 0.99 3.59
0.5 98.59 525 * 10 0.99 103.28 0.99 454
0.6 98.76 258 * 10 098 103.82 0.98 487
0.7 76.10 847 * 10  0.80 83.04 0.75 8.36
Average 104.11 108.40
o 13.46 12.15
Olive pits 0.1 112.89 549*10"° 099 115.49 0.99 2.25
0.2 107.79 449 %10 099 111.05 0.99 2.94
03 106.26 137 %10  0.99 109.89 0.99 3.30
0.4 97.55 8.93 * 10 0.99 101.90 0.99 427
0.5 85.19 2.88* 10 099 90.56 0.95 5.93
0.6 97.64 220* 10 098 102.68 0.70 491
0.7 163.91 148 10  0.99 166.32 0.75 1.45
Average 110.18 113.98
o 23.47 22.64
Stalk 0.1 131.38 349* 10" 098 132.62 0.98 0.94
0.2 134.36 452%10"% 099 136.11 0.99 1.29
0.3 118.83 330*10"° 099 121.73 0.99 238
0.4 121.64 248*10"° 099 124.71 0.99 2.46
0.5 102.2 283*10"° 099 106.62 0.99 415
0.6 92.19 278 %10  0.99 97.96 0.99 5.89
0.7 167.35 862 * 10" 0.98 170.05 0.92 1.59
Average 123.99 127.11
o 22.55 21.58
Marc 0.1 117.03 217 * 10" 0.88 119.39 0.90 1.98
0.2 103.01 114 *10%  0.99 106.69 0.99 3.45
0.3 97.78 129 *10%®  0.99 102.07 0.99 420
0.4 92.49 1.95*10”  0.99 97.37 0.99 5.01
0.5 112.91 596 * 10  0.98 117.16 0.96 3.63
0.6 106.54 2.81*10” 099 111.92 0.93 481
0.7 100.65 262* 10 099 106.98 0.72 5.92
Average 104.34 108.80
o 7.91 7.32

combustion is produced in parallel to pyrolysis, it is faster and takes place at lower
temperatures. The oxygen reacts with the solid that is being decomposed before reaching
the flame formation (Font et al., 2005).
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Tables 4 and 5 show that the mass loss rate maximum (dry basis) in inert atmosphere was
lower than oxidative atmosphere at the three heating rates, during the second stage. The E values
for the thermal decomposition under oxidative atmosphere are about 76.10-169.37 kJ/mol and
83.04-169.34 kJ/mol using DAEM and FWO methods, respectively. Table 6 shows the tem-
perature range of char combustion stage and mass loss rate in an oxidative atmosphere.

Conclusions

The kinetics analysis of agro-industrial wastes were studied using TGA under inert and oxidative
atmosphere at different heating rates (5 K/min, 10 K/min, and 15 K/min). The activation
energies were calculated using DAEM and FWO model-free methods.

Table 4. Temperature range and mass loss rate of active pyrolysis stage in an inert atmosphere.

Heating rate Temperature range Peak temperature Mass loss rate maximum
Agro-industrial wastes B (K/min) (K) (K) (%, s)
Sawdust 5 491-652 605 0.06
10 473-656 620 0.13
15 442-702 628 0.19
Plum pits 5 452-671 619 0.04
10 643-705 632 0.09
15 452-738 640 0.12
Peach pits 5 501-654 627 0.06
10 505-671 637 0.10
15 496-673 646 0.16
Stalk 5 459-638 573 0.03
10 466-655 578 0.06
15 455-657 588 0.10
Olive pits 5 459-744 581 0.05
10 458-758 594 0.10
15 467-771 604 0.14
Marc 5 469-754 608 0.07
10 482-768 621 0.06
15 479-787 623 0.09

Table 5. Temperature range and mass loss rate of devolatilization stage in an oxidative atmosphere.

Heating rate Temperature range Temperature peak Mass loss rate maximum
Agro-industrial wastes B (K/min) (K) (K) (%, s)
Sawdust 5 517-604 586 0.10
10 526-615 601 0.26
15 534-634 618 0.41
Plum pits 5 503-628 584 0.06
10 506-636 612 0.13
15 512-652 633 0.19
Peach pits 5 509-610 585 0.1
10 519-632 603 0.20
15 525-646 618 0.23
Stalk 5 461-607 552 0.05
10 477-603 565 0.10
15 488-617 580 0.15
Olive pits 5 487-609 577 0.08
10 505-607 598 0.19
15 494-629 600 0.28
Marc 5 488-631 561 0.04
10 501-632 587 0.10

15 498-642 610 0.14
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Table 6. Temperature range and mass loss rate of char combustion stage in an oxidative atmosphere.

Temperature Temperature
Heating rate range peak Mass loss rate maximum
Agro-industrial wastes B (K/min) (K) (K) (%, s)
Sawdust 5 662-744 708 0.04
10 687-750 720 0.08
15 689-479 744 0.022
Plum pits 5 667-760 719 0.18
10 686-790 737 0.08
15 699-796 748 0.10
Peach pits 5 678-764 738 0.04
10 714-785 765 0.08
15 733-813 779 0.09
Stalk 5 649-760 694 0.04
10 655-759 729 0.04
15 665-787 742 0.08
Olive pits 5 637-752 681 0.03
10 653-772 691 0.05
15 672-784 707 0.08
Marc 5 656-750 697 0.04
10 687-798 725 0.08
15 683-795 759 0.16

The shapes of TG curves of the six materials for pyrolysis are similar to those for
combustion. Nevertheless, the biomass weight loss is slower and smaller under inert
atmosphere than oxidative atmosphere.

Considering the heating rate influence in the behavior during the thermal decomposi-
tion under inert and oxidative atmospheres, it is observed that the temperature range of
the different decomposition stages is not affected by the heating rate. When the heating
rate increases, the obtained peak in DTG curves is lower, due to a longer time, which is
required for the gas to reach equilibrium with the reactor temperature or particles sample
as a result of the heat transfer restrictions. The weight loss is not affected when the heating
rate is varied.

It was found that, at heating rates used, the activation energy was not linearly dependent on
conversion for both studied thermal processes, pyrolysis, and combustion. Activation energy of
pyrolysis was higher than the devolatilization stage of combustion in all cases; they were
dependent upon the conversion and were in the ranges of 82.97-435.35 kJ/mol for the pyrolysis
and 76.1-169.37 kJ/mol for the combustion. During this stage, under oxidative atmosphere, the
combustion is produced in parallel to pyrolysis; the oxygen reacts with the remaining solid.

The kinetic analysis was carried out for the active pyrolysis (decomposition under inert
atmosphere), devolatilization, and char combustion (decomposition under oxidative atmo-
sphere), using FWO and DAEM methods. The E values obtained from both methods were
similar, considering that the obtained results are reliable and predictive.

The variation of E values with a, indicate the existence of a complex multi-step
mechanism that occurs in the solid state.
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