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Abstract The slow pyrolysis characteristics of four food
wastes, namely acorn cups (AC), acorn pericarp (AP), almond
shells (AS), and nut shells (NS) were investigated by thermo-
gravimetric (TG) analysis coupled with mass spectrometry
(MS) and differential scanning calorimetry (DSC). Thermal
degradation of these samples was divided into three stages
corresponding to the removal of water, the devolatilization,
and the formation of char; the differences in the thermal be-
havior of the samples are due to the differences in composi-
tion. The kinetic parameters of the process were calculated
using the method of Coats-Redfern and by applying diffusion
and chemical reaction kinetic models. The thermodynamic
parameters were calculated for the formation of the active
complex of the reagent. The main gaseous products formed
during the pyrolysis were CO, CO,, H,O, CHy, and C,Hy.
The comparison of the pyrolysis characteristics shows that
AS was more reactive and that AC require less energy to be
converted. The current investigation suggested that within the
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realm of existing biomass conversion technologies, AC, AS,
NS, and AP can be used as feedstock for energy recovery.
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1 Introduction

The control of energy consumption is one of the major chal-
lenges of our century in the context of sustainable develop-
ment. The economic growth and the growth of the population
will be translated inevitably by an increase energy needs ac-
companied with intensive use. With regard to the predictable
depletion of the fossil resources and the environmental prob-
lems engendered by their consumption, the appeal to alterna-
tive sources of energy is inescapable to continue to satisfy the
world’s energy needs while protecting the environment.
Morocco, like all the countries in the world, needs to iden-
tify and to exploit all its available resources in the context of
national sustainable development. Significant reserves of re-
newable energy forms are not yet used in this country. Among
these reserves we find the biomass with its various types,
biomass is in abundance and stands as the third energy re-
source after oil and coal [1] and due to their high reactivity
and volatility, it can be easily processed to produce fuels and
value-added chemicals [2]. It is a term for all organic material
that stems from plants including algae, trees, and crops that are
susceptible to be converted into energy [3]. Biomass is com-
posed of three major components: cellulose, hemicelluloses,
and lignin. These components usually exist in biomass in the
range of 3245 %, 19-25 %, and 14-26 % (by weight), re-
spectively [4]. Although biomass can be converted to energy
and clean fuels via thermochemical and biochemical process,
the energetic valorization of biomass has received
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considerable attention [3, 5]. One of the most controversial
points in the use of biomass as an energy source is its possible
competition with human food supply. Nevertheless, there are
different types of biomass that fit into this definition without
compromising world food supply such as food residues. In
fact, almond shells, nut shells, acorn cups, and acorn pericarp
are one of the main renewable energy resources available es-
pecially in an agricultural country such as Morocco. A signif-
icant advantage is that it can be converted to liquid, solid, and
gaseous fuels [6] and thus can contribute to the struggle
against climate changes by replacing conventional fossil fuels
[1]. The use of food residues for energy production can be also
an alternative solution to the problem of waste disposal [7].

Thus, this study focuses on the energetic valuation of food
residues using the process of pyrolysis. Pyrolysis conversion
processes are an important technological option for biofuel
production and energy recovery from biomass and wastes
[8]. It involves the heating of biomass in the absence of oxy-
gen, or in a limited oxygen supply [9], it is classified into three
types, namely flash, fast, and slow depending on the temper-
ature, heating rate, and residence time. The main pyrolysis
products are char, oil, and gas; char can be used as fuel, gas-
eous products can be used for energy production, and bio-oil
can be used as a fuel or as a source of high chemical value. Our
study focuses on slow pyrolysis, which occurs at a lower
temperature (<600 °C) with even lower heating rate of bio-
mass (<50 °C min ). It aims at charcoal production [10].
However, the process conditions for slow pyrolysis can be
altered to produce significant quantities of bio-oil and gas in
addition to char. Therefore, it is essential to obtain a deep
knowledge of the pyrolysis of a sample of biomass in order
to develop a technically and economically feasible system for
its being converted to the desired fuel (liquid, gas, and solid).

The combination of thermogravimetric analysis coupled
with mass spectrometry (TGA-MS) appears to give a deeper
insight of the process. Some studies concerning TGA-MS of
the biomass pyrolysis have been carried out [11, 12]. One of
the most advantages of TGA-MS is that it is able to afford
real-time and sensitive detection of evolved gases, which is an
important and often a difficult task in many thermal applica-
tions [11].

Determinations of kinetic parameters such as energy acti-
vation, pre-exponential factors, and reaction order are crucial
in forecasting the thermal response of samples. Determination
of energy activation helps in finding out the minimum amount
of energy needed to initiate a chemical change. Pre-
exponential factors and the order of reaction help in calculat-
ing reaction rate. These kinetic parameters can be used in
predicting the thermal behavior of the samples, and the out-
come of the findings can be taken as the basis of pyrolysis
studies. The reaction heat of biomass pyrolysis is an important
parameter required in the heat of the pyrolysis reactor. There
has been some literature concerning the determination of the
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heat demand of the pyrolysis process using differential scan-
ning calorimetry (DSC) [13, 14].

The technology of thermogravimetric analysis (TGA)
coupled with mass spectrometry (MS) and differential scan-
ning calorimetry (DSC) is able to provide the reaction kinetics
the products distribution and the heat required for the process
of pyrolysis.

The main purpose of this investigation is to study the slow
pyrolysis of four food residues (almond shells, acorn cups,
acorn pericarp, nuts shells) using TGA coupled with MS and
DSC. The objectives were (a) determination of the character-
istics of the main steps of the pyrolysis of biomass samples,
(b) determination of kinetic model and kinetic parameters of
the pyrolysis of samples, (c) qualitative characterization of the
gases produced during pyrolysis, (d) quantification of energy
required for the pyrolysis, and (¢) comparison of the thermal
characteristics of the different samples of biomass to assess the
eventual use of the different samples for energy recovery.

2 Material and methods
2.1 Sample preparation

The biomass samples used in this work are collected from
different regions of Morocco: acorn pericarp (AP) and acormn
cups (AC) from El-Hajeb, almond shells (AS) from Meknes,
and nut shells (NS) from Marrakech (Fig. 1). The composi-
tions of the biomass samples used are given in Table 1; we
performed the constituent analysis according to the method of
Shiguang [15].

Before being studied, the samples of biomass were dried in
an oven for 24 h at a temperature of 105 °C to decrease their
moisture content and facilitate their grinding. Then, they were
crushed by a mortar and ground using the Pulverisette 4 Vario-
Planetary Mill to a small particle size of less than 200 um in
order to have finer and homogeneous samples. Finally, they
were stored in desiccators to prevent any humidity before the
thermal analyses.

2.2 TGA-MS-DSC experiment

The pyrolysis of food waste samples was carried out in a
SETARAM TGA-DSC apparatus (SETSYS Evolution)
coupled to a Pfeiffer Vacuum mass spectrometer (OmniStar).
In the first place, the pyrolysis process of each sample was
carried out using a preliminary broad scan in order to identify
the most prominent ions with m z ' in the range 0~300. Dur-
ing the experiments, about 26 mg of sample was put in a
ceramic crucible pan and heated from room temperature to
900 °C at a heating rate of 20 °C min~' in nitrogen atmo-
sphere. We chose this heating rate to have the conditions of
the slow pyrolysis (7<20 °C min ') and a good stabilization
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Fig. 1 Biomass samples: acormn
pericarp (4P), acorn cups (4C),
almond shells (4S), nut shells
(NS)

of temperature within the sample [16]. The identified signals
corresponded to the mass spectra of m 7 '= 16,18,27,28, 29,
32, 44, 58, 60, and 96 which are assigned to represent CHy,
HZO, C2H4, CO, CzH5+, 02, COZ, C3H6O, C2H402, and
CsH,40,, respectively.

2.3 Kinetics of pyrolysis of food residues

The data of the curve TGA were used to determine the kinetic
parameters of the thermal degradation of the four food resi-
dues. The mathematical resolution of the equation of the re-
action rate is performed by the integral method of Coats and
Redfern [17]. This method is widely used to study the kinetics
of degradation of the solid. We have adopted eight kinetic
models to study the thermal decomposition of biomass sam-
ples (Table 2). Indeed, previous studies showed that the pro-
cess of degradation of the biomass is governed by transport
(diffusion) phenomena and chemical reactions [18, 19].

The process of pyrolysis can be represented by the follow-
ing reaction schema [20]:

Bgotide— Ciolide + Dygaz

Table 1  Constituent analysis of biomass samples (%)

Samples Extractives Hemicellulose Lignin Cellulose Holocellulose

AS 7 50.22 24.18 18.6 68.82
NS 475 55.24 26.79 1321 68.45
AC 5 46.55 25.81 22.64 69.19
AP 476 56.19 36.23 281 59

where Bgjide 18 the initial biomass and Cojige and Dy, repre-
sent the products obtained during the pyrolysis of biomass.
The kinetic equation (Eq. 1) can be written as follows:

da

= F@K(T) 1)

fla) a function whose type depends on the reaction mecha-
nism, K(7) the rate constant, 7" the absolute temperature, o the
conversion rate, and ¢ the time. K(7) has usually the form of
the Arrhenius law:

K(T) = Aexp (%) )

where 4 is pre-exponential factor or frequency factor, £ is
activation energy, and R is the universal gas constant
(8314 Jmol ' K.

Under a constant heating rate (3,

dr

=5 G)

After replacement and integration of Eq. 1, we get

[ () ar @
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RT
solution, but making some substitution variables and applying
Cauchy’s rule, the expression can be solved by giving

T
-E
The expression [ exp (—) dT has no exact analytical
70
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Table 2 Algebraic expressions

of functions of the most common Mechanism Symbol (@) gla)

reaction mechanisms operating in

solid-state reactions Chemical reaction—first order F, -« —In (1-«)
Chemical reaction—second order F, (1-)? (1-a) -1
Chemical reaction—third order F; (1-a)’ [(1—x) 212
Diffusion—one way transport D, 12« o?
Diffusion—two way transport D, [—In(1-a)] " at(l—a)n(1-«)
Diffusion—three way transport Ds @RI 1-(1-w)'” [1-(1-a)"P?
Ginstling, Brounshtein equation Dy @B3)(1-a) P 1-(1-w)'” 1-2a/3-(1-)*?
Zhuravlev, Lesokhin, Tempelman equation Ds 31— 11 [(1—e) =177

T

A -E ART? 2RT E

5l exp(m)‘”: bE (I‘E )e""(‘m> ®)
70

After division by 7* and introducing the logarithm, the
equation (Eq. 3) becomes

AR 2RT E
n| 89| — |48 (122RT) | E (6)
T BE E RT
Generally, the term 2"% can be neglected since it is too less

than unity for the thermal decomposition of lignocellulosic
materials [20].

So

g(o) AR E

In TZ = lnﬁ_ﬁ (7)

So plotting of lné% versus % gives a straight line of slope

7E . AR . .
% since In 3518 almost constant. The expressions of g(o) and

) depend on the mathematical model of each mechanism of
conversion. The determination of the appropriate model for
the pyrolysis of different samples is based on the linear regres-

sion analysis. The plotting of ln% versus 7 should give a

straight line with a correlation coefficient close to 1; from the
slope and the ordinate at the origin of this line, we have cal-
culated £ and A. The rate of conversion « is calculated from

the results of the TGA using the following formula: o = ;A=

where mg, m, and my are respectively the initial mass, the
current mass, and the final mass.

2.4 Thermodynamic parameters of biomass pyrolysis

The thermodynamic parameters of AH°, AG®, and AS® were
calculated at T=Tp; (Tpic is the derivative TG [DTG] peak
temperature), since this temperature characterized the highest
rate of the process [21]. The thermodynamic parameters of the
pyrolysis of almond shells, nut shells, acorn cups, and acorn
pericarp are presented in Table 6. These parameters were cal-
culated by Egs. (8)—(10) [21] using the fundamental equation
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of the theory of the active complex.

AH® = E-RT (8)
o KB x T

AG =E+RTh Y 9)
. AH -AG

AS == (10)

where AH® and AS® are respectively the change of enthalpy
and of entropy for the active complex formation from the
reagent, AG® is the Gibbs free energy, Kp is the Boltzmann
constant, and / is the Planck constant.

3 Results and discussion

3.1 Thermogravimetric study of pyrolysis of biomass
feedstocks

The purpose of the thermogravimetric analysis is to character-
ize the thermal behavior of the four types of waste during the
pyrolysis with the aim of an energy valuation. Figure 2 shows
the TGA and DTG curves of almond shells, nut shells, acorn
cups, and acorn pericarp.

These curves show the typical profile of the thermal deg-
radation of the biomass during the slow pyrolysis [22] with
three stages, namely the evacuation of humidity (stage I), the
devolatilization (stage II), and char formation (stage III). The
main thermal characteristics derived from the curves such as
the temperatures of the beginning and the end of the phenom-
ena, the maximum weight loss, its corresponding tempera-
tures, and the percentage of carbonaceous residue at 400 and
900 °C are summarized in the Tables 3 and 4.

We notice that the four biomass samples exhibit different
behaviors during pyrolysis, in terms of mass loss, the start and
the end of the reaction temperature, the degradation rate, and
the temperature of maximal degradation. Since the samples
were prepared in the same conditions (with the same grinding
tools, the same size, the same mass, the same heating rate, and
the same atmosphere), so these differences can only come
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Fig. 2 TGA and DTG curves of
biomass samples
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from composition. In fact, the characteristics of thermal deg-
radation of the lignocellulosic materials are strongly influ-
enced by their chemical composition (cellulose, hemicellu-
lose, and lignin content) [23].

The first region of mass loss is due to the removal of mois-
ture and light volatile; this step generated a mass loss of 4.29,
5.34, 6.48, and 6.8 % respectively for AS, AC, NS, and AP
samples. The highest loss for AP may be due simultaneously
to its high moisture content and to its low temperature of
volatile release. The devolatilization is supposed to be the step
during which the pyrolysis of biomass is mainly produced; the
maximum weight loss occurs during this phase. In this stage,
AS, NS, and AC present the same mass loss due to their same
content of holocellulose (cellulose + hemicellulose). In com-
parison with the biomass samples, AP presents a lower mass
loss (45.28 %) due to their lower content of holocellulose
(59 %). In fact, biomass is mainly composed of hemicellulose,

Temperature (°C)

cellulose, and lignin; according to the study of Yang et al. [24],
the mass loss of the hemicellulose, cellulose, and lignin occurs
during pyrolysis in a temperature range of 220-315, 315400,
and 160-900 °C, respectively.

We notice that the devolatilization begins at temperatures
of 197, 198, 193, and 178 °C for AS, AC, NS, and AP sam-
ples, respectively. These variations in the temperatures at the
beginning of degradation of the biomass were related to dif-
ferences in chemical and elemental composition of samples as
described by some authors [25]. During this stage, two pro-
cesses of decomposition corresponding to the degradation of
the hemicellulose and the cellulose are observed; DTG curve
shows two regions; the first exhibits peaks at temperatures of
299, 301, 301, and 308 °C for AS, AC, NS, and AP, respec-
tively; this region may be generated by the degradation of the
hemicellulose and a part of the lignin. The second region
exhibits peaks at temperatures of 357, 357, 356, and 368 °C

Table 3 Main thermal characteristics of devolatilization of biomass samples

Sample Temperature range (°C) T*pic (°C) pric (mg min™") % R.C-400 Mass loss (%) Ry*10° (% s7' oCc™h
AS 197-400 299 3.65 35.72 59.08 1.3
357 2.82
AC 198-401 301 3.096 41.81 52.03 1.1
357 2.56
NS 193-409 301 3.312 35.25 57.83 1.2
356 2.68
AP 178-404 308 2.12 48.16 45.28 0.7
368 2.32

# Temperature of maximum rate loss
® Maximum rate loss

¢ Carbonaceous residue
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Table 4 Main thermal characteristics of char formation

Sample  Temperature range (°C) /%, (mg min™) % R.C°-900
AS 400-900 0.11 24.79
AC 401-900 0.26 16.95
NS 409-900 0.11 23.69
AP 404-900 0.19 3122

* Average rate loss,

® Carbonaceous residue

for the four samples shown before, respectively. This region
may be due to the decomposition of the cellulose and a pro-
portion of the lignin. The devolatilization almost ends at a
temperature of 400 °C, acorn pericarp has the highest percent-
age of the carbon residue (48.16 %), and this is due to their
high lignin content (36.24 %). The mass losses in the third
phase are much lower than those of the second (11.28—
25.09 %). These losses can result from the pyrolysis of the
lignin, auto-gasification, or from secondary reactions. The
highest residue is noticed at the level of the acorn pericarp
(31.22 %), since hemicellulose and lignin mainly degrade giv-
ing coal, while inorganic materials catalyze its formation [26];
thus, we explain this by the fact that the acor pericarp con-
tains more lignin or it may also contain more mineral
materials.

From the maximum loss rate and the corresponding tem-
perature, we calculated the reactivity of samples using the
method proposed by Ghetti et al. [27]:
Ry = $0 (1)

pic

The parameter 10°Ry is calculated for each sample. The
obtained results are reported in Table 3.

According to the value of Ry, the biomass samples are
classified in the following order: AS > NS > AC > AP. The

Table 5 The kinetic characteristics of the pyrolysis of the biomass samples

obtained values (0.7-1.3 % s ' °C") are superior to those
obtained by Munir et al. [28] during the pyrolysis of four
various food wastes and to those of El may et al. [29] during
the pyrolysis of five different residues of the date palm.

3.2 Kinetic parameters

According to the results of the TGA and DTG, we noticed that
the pyrolysis of our samples goes through three main stages:
degradation of hemicellulose, degradation of cellulose, and
formation of char. For each step, we determined the appropri-
ate kinetic model and its parameters (Table 5).

The results of the TGA were examined using diffusion and
chemical reaction mechanisms; the best correlation is obtained
with the models based on the chemical reaction mechanism of
the first and the second order (F;, F,) and diffusion mecha-
nism (D3, Ds). In the literature, these models are the most
appropriate for describing the thermal degradation of lignocel-
lulosic materials [18, 19]. The kinetic parameters characteriz-
ing the process of pyrolysis of biomass samples differ from a
stage to another and from a sample to another; the
devolatilization of our samples occurs at two stages; from
Table 5, we notice that the diffusion model D5 is the most
suitable for AP and AC in the first step and that of the first
order chemical reaction for AS and NS, and the second stage
is best described by the model second order chemical reaction
F, for the four samples. F, is the most appropriate model for
the formation of char for AP, AS, and NS; however, the for-
mation of char for AC is governed by Ds. The mechanisms
governing the pyrolysis of biomass differ from a sample to
another; indeed, Jeguirim et al. [30] studied the pyrolysis of
five types of biomass; they found that the mechanisms of the
first order chemical reaction (F;) and of diffusion (D, D,, D3,
D,) describe the devolatilization while the third order chemi-
cal reaction mechanism (F3) is more reasonable for the forma-
tion of the char. Vlaev et al. [19] found that the thermal

Sample Temperature range (°C) Frequency factor (s ') Activation energy (kJ mol ") R Mechanism
AS 197-330 1.05%10"° 130.69 0.98 F,
330-400 1.46x10%° 333.25 0.98 F,
400-900 2.92x10° 72.15 0.89 F,
AC 198-331 1.32x10% 251.84 0.98 Ds
33-401 3.55%x10% 326.94 0.97 F»
400-900 5.35%10° 100.53 0.91 Ds
NS 192.79-332 6.08x10' 132.84 0.99 F,
332-409 5.74x10% 309.74 0.98 F,
409-900 50.97x10° 91.59 0.93 F,
AP 178-330 5.72x10" 180.93 0.98 Ds
330-404 3.84x10% 304.73 0.97 F,
404-900 1.43x10° 82.64 0.91 F,
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Table 6 Thermodynamic

parameters of biomass samples at Sample E (kJ mol™") A AH (kJ mol ) AG (kI mol ™) AS (J mol™)
the maximum differential mass
conversion AS? 130.69 1.05%10" 126 164 —-66

AS® 333.25 1.46x10% 328 176 241

AC* 251.84 1.32x10%° 247 174 127

AC® 326.94 3.55x10% 322 177 30

N§*? 132.84 6.08x10'° 128 158 -52

NSP 309.74 5.74x10% 305 170 215

AP? 180.93 5.72x10" 176 188 -20.65

APP 304.73 3.84x10% 299 176 192

* and ° are respectively the first and the second peak in DTG curve

degradation of the rice husk under an inert atmosphere is de-
scribed by the diffusion mechanism D,.

By comparing the kinetic parameters calculated using the
models that have given the best correlation, we found that the
activation energy of the pyrolysis steps of the four samples is
classified as follows: Ey, > Ey; > E.,; Evy and Eyy, are re-
spectively the activation energies of the first and second
devolatilization stage; E.j, is the activation energy associated
to the formation of char. The same classification is obtained
for the pre-exponential factors. The resulting classification is
logical since it is well known that cellulose has the highest
activation energy during the thermal degradation in compari-
son with the hemicelluloses and lignin [30]. Consequently,
samples having high contents of cellulose have higher activa-
tion energy values. The activation energies of the three main
stages of pyrolysis are respectively (180.93 kJ mol ';
304.73 kJ mol™'; 82.64 kJ mol™"), (130.69 kJ mol ';
333.25 kJ mol™'; 72.15 kJ mol™"), (251.84 kJ mol ';
326.94 kJ mol™'; 100.53 kJ mol ") et (132.84 kJ mol ',
309.74 kJ mol '; 91.59 kJ mol ') for AP, AS, AC, and NS.
The obtained values are higher than those found by Jeguirim
et al. [30] and close to those found by Vlaev et al. [19]. The
development of economically and technically feasible systems
for thermochemical conversion of food waste into energy re-
quires a fundamental understanding of their thermal properties
and kinetics degradation.

3.3 Thermodynamic parameters of biomass pyrolysis

The change of Gibbs free energy AG® reflects the total energy
increase of the system at the approach of the reagents and the
formation of the activated complex. This energy is influenced
by two thermodynamic properties, the changes of enthalpy
AH° and entropy AS° of activated complex formation. The
change of activation enthalpy shows the energy differences
between the activated complex and the reagents. If this differ-
ence is small, the formation of activated complex is favored,
because the potential energy barrier is low.

The change in entropy reaction reflects how near the sys-
tem is to its own thermodynamic equilibrium. Low activation

entropy means that the material has just gone through some
kind of physical or chemical aging process, bringing it to a
state near its own thermodynamic equilibrium. In this situa-
tion, the material showed poor reactivity, increasing the time
necessary to form the activated complex. On the other hand,
when high activation entropy values are observed, the material
is far from its own thermodynamic equilibrium. Thus, the
reactivity is high and the system can react faster to produce
the activated complex, and consequently, short reaction times
are observed [31]. The entropy measures the disorder in a
system. The negative values of entropies of the formation of
the activated complex mean that the activated complex can be
characterized by a much higher degree of arrangement, in the
first stage of devolatilization, except that the decomposition of
acorn cups all values of AS® were negative, which illustrated
that the activated complex had more organized structure com-
pared to the initial substance. Contrariwise, the values of the
AS° of the second stage of devolatilization were positive for
all samples which illustrated that the activated complex of this
stage was more disordered. We also notice the increase of the
entropy at the second stage, which indicated the increase of
the reactivity of the samples at this stage and of the rate of
decomposition to produce the activated complex. So, the sam-
ples were less reactive in the first zone than the second. The
changes of entropies agreed with the frequency factors.

Based on Table 6, the activation energies and the enthalpies
of the second stage of devolatilization were greater than those
of the first stage, so more heat energy was required for the
second stage than the first in order to dissociate the bonds of
reagents.

3.4 Analysis of the gases produced during pyrolysis

The most attractive advantage of the TGA-MS is that it allows
to follow in parallel the evolutions of the mass according to
the temperature and the chemical composition of the emitted
vapors [32].

The identification of fragments is based on literature data
and on the chemical structure of biomass. The ion current
signal is generated when there is a compound or an atom that
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Fig. 3 a, b, ¢ Evolution of CO, H20, CO2, CH4, and C2H4 during the pyrolysis of biomass samples

has been created by the ionization of molecules in the gas
phase; consequently, the study of the evolution of gases emit-
ted during the pyrolysis versus temperature of the various
types of waste is realized by analyzing the changes of the ionic
current obtained by mass spectrometry.

The profiles of the changes in ion current as a function of
the temperature of the four samples of biomass are shown in
Figs. 3 and 4.

The main products detected during pyrolysis are CO, CO,,
H,0, 0O,, and some light hydrocarbons (CH,, C,H,, C,Hs").
A relatively significant amount of CO and H,O are detected
because of the large number of hydroxyl groups and oxygen
atoms present in the biomass samples (cellulose, hemicellu-
lose, and lignin). We note that the majority of gases generated
in the temperature range of 250-500 °C and that all samples

@ Springer

have the same gas evolution profile with differences just at the
peak intensity.

Almond shells and nut shells present the same profile with
almost the same peaks intensities. At temperatures below
200 °C, there is just the production of H,O; its peaks coincide
with those of the DTG curve during sample drying step. The
release of H,O and CO, takes place between 250 and 500 °C;
these two gases have two peaks in this range around 340 and
405 °C. H,O was produced on all the interval of decomposi-
tion of the biomass, what indicates its provenance from dif-
ferent origins; the peak obtained at approximately 105 °C is
due to the liberation of absorbed water, while the peaks be-
yond 200 °C correspond to the water formed during the de-
composition of hemicellulose, cellulose, and lignin [12]. CO
is produced between 300 and 600 °C; CO and CO, are also
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Fig. 4 a, b, ¢, d Evolution of C5H402, C3H60, C2H402, C2H + 5, and O2 during the pyrolysis of biomass samples

formed from the degradation of cellulose, hemicellulose, and
lignin. The evolution of C,Hs "and O, occurs between 300 and
500 °C and that of C3HcO and C,H4O, between 300 and
500 °C; C3HgO is mainly due to the degradation of cellulose
[12]. CsH4O, was detected between 300 and 700 °C for NS
and AS, between 300 and 500 °C for AC, and between 300
and 680 °C for AP. This shows that CsH4O, is derived from
the degradation of lignin. The production of C,H,4 occurs be-
tween 300 and 480 °C, so it results from the degradation of the
cellulose. The release of CH,4 happens between 200 and
600 °C; at low temperatures, CH4 comes from the degradation
of'the cellulose and hemicelluloses [33]. At high temperatures,
CH, is mainly produced by the cracking of the methoxyl

groups [34]. The gases detected during the pyrolysis of the
four wastes can be used to warm the reactor of pyrolysis or to
produce the heat and the electricity for other processes.

3.5 The energy required for the pyrolysis biomass
feedstocks

Differential scanning calorimetry is used to quantify the
amount of energy required for the pyrolysis of the four types
of wastes; the heat required for the pyrolysis reactions is an
essential parameter in the design of a pyrolysis reactor, the
specification of operating parameters, the study of the energy
balance, and the potential of the energy valuation of waste in
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Fig. 5 DSC curves of biomass
samples

Heat flow (mW)

fuel by pyrolysis process. The pyrolysis is an endothermic
reaction; the heat of reaction must be supplied by an external
source. According to the TG-MS analysis, the combustion of
gases stemming from this degradation (CH,4, C,H4, CO, CO»)
can supply the energy needed.

The heat required to pyrolyze the biomass contains two-
component equation (Eq. 12), the heat required for heating the
biomass at the temperature at which pyrolysis occurs and the
heat required for the pyrolysis itself.

0= mbCp,b(T,—Ti) +mpAH, (12)
where QO is the heat requirement of biomass pyrolysis,
my, is the mass of biomass, c,; is the specific heat
capacity of biomass, 7, is the temperature at which py-
rolysis occurs, T; is the initial temperature, and AH, is
the reaction heat of pyrolysis.

The DSC curves of the four samples (Fig. 5) exhibit the
variation of heat flow (mW) as a function of the temperature
during the thermal decomposition of samples within the tem-
perature range of 40 to 900 °C. The endothermic peaks ob-
tained around 105 °C are due to the evaporation of the mois-
ture contained in the samples [35].

Table 7 The energy required for the pyrolysis of the four biomass samples

T T T T T T T 1
200 400 600 800 1000

Temperature (°C)

For the DSC curve in Fig. 5, the data on Y coordinate is

do dT
ﬁ = mSCpﬁSE + mSAHr (13)

The integration of this curve equation (Eq. 14) provides the
heat required for pyrolysis

dt dt
ms.o

0 tmst1s£+ mgAH,
= J (14)
ms.o
0
where my is the initial mass of sample, and ¢, ¢ and m are
respectively the specific heat capacity and the mass of sample
during TGA-DSC-MS experiment.

The analysis of the heat flow information was performed
by dividing the data into two zones. The first zone represents
the energy of the evacuation of humidity and of the heating of
samples to the temperature at which the pyrolysis occurs; the
second zone represents the energy of thermal decomposition
of the samples. The TGA study showed that the thermal deg-
radation begins at temperatures of 197, 19, 193, and 178 °C
respectively for AS, AC, NS, and AP and ends at about
400 °C.

Sample Temperature (°C) Energy required (kJ kg ") Total energy required (kJ kg ')
AS 40-197 30 54.30
197-400 2430
AC 40-198 30.23 43.23
198-400 13
NS 40-192.79 39.18 58.04
192.79-400 18.86
AP 40-178 41 81
178-400 40
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The energy required for each zone is obtained by integrat-
ing the heat flow curve using software supplied by the manu-
facturer of the DSC. Table 7 shows the found results.

From these results, we find that the energy required for the
pyrolysis varies from one sample to another; acorn pericarp
requires more energy (81 kJ kg™') in comparison with other
samples. The heat required to remove moisture from the sam-
ples is significantly higher than that required for the thermal
decomposition; similar results were reported by Fasina and
Littlefield [13] for the shells of pecans [36] and Park et al.
for wood cellulose fibers. Based on the values of the energy
required for the removal of moisture, samples can be classified
as follows: AP > NS > AC > AS; the same sequencing is
obtained based on mass loss values in this region; this shows
that the sample having the high moisture content requires
more energy. So moisture content is an important criterion to
be considered for the valuation of biomass by pyrolysis.

4 Conclusion

Food residues namely acorn cups (AC), acorn pericarp (AP),
almond shells (AS), and nut shells (NS) were evaluated as a
potential feedstock for slow pyrolysis process for energy re-
covery using TGA-DSC-MS. The following conclusions can
be drawn from this study:

* TG and DTG results showed that the pyrolysis of the
samples was represented by three successive steps: The
first step corresponded to the evaporation of moisture,
the second step to the devolatilization. It occurs at two
stages: the first stage corresponds to degradation of hemi-
cellulose, it is well described by diffusion model D5 for
AP and AC and by chemical reaction model F, for AS and
NS; the second stage by the chemical reaction model F,
for the four sample; and the third step corresponded to
char formation characterized by low weight loss rate. It
is well described by chemical reaction model F, for AP,
AS, and NS and by diffusion model D5 for AC.

e The MS results showed that CO, CO,, H,O, CHy, and
C,H, were the main gaseous products released during
the pyrolysis of the samples; such gases could be used to
warm the reactor of pyrolysis or to produce the heat and
the electricity for other processes.

* The DSC results showed that the moisture content is an
important criterion to be considered for the valuation of
the biomass by pyrolysis.

* Comparing the pyrolysis behavior of the sample, we
found that AS was the most reactive one and that AC need
more energy during pyrolysis.

» The kinetic parameters of the main steps of pyrolysis and
the thermodynamic parameters for the formation of the
active complex of the reagent during pyrolysis were

calculated. The obtained values are useful for the config-
uration and the designing of the suitable pyrolysis reactor.
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