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Abstract

This study presents the first attempt to focus on the cocoa shell pyrolysis in terms of kinetic triplet, thermodynamic
parameters, and evolved volatile analysis using the TGA-FTIR technique. For reliable interpretation of the multistep
pyrolysis of cocoa shell, the multiple kinetic triplets were adequately estimated by a combined kinetic procedure using
five independent parallel reactions with the Vyazovkin isoconversional method, the compensation effect, and the
master plot method. According to the results, the multiple kinetic triplets were able to describe the pyrolysis behavior
of the cocoa shell with an accuracy of R* > 0.9446 and the pyrolysis mechanisms exhibited different reaction models
(n-order and contracting cylinder). Evolved volatile analysis suggested the presence of high-energy compounds
(aromatic) and useful chemicals (aldehyde, ketone, esters, ether, and alcohols). The pre-exponential factors for the
five pseudo-components of cocoa shell pyrolysis ranged from 2.56 x 10'' to 8.66 x 10'® min~' (derived from the
compensation effect method), while the values of E, ranged from 99 to 271 kJ mol™'. From a comparative analysis, it
was found that the results from the compensation effect method ensured the overall kinetic expression to be consistent
with the experimental cocoa shell pyrolysis behavior. In contrast, the overall kinetic expression using pre-exponential
factors derived from Kissinger’s method failed to match the experimental curves. The pyrolytic conversion of cocoa
shell into bioenergy appeared as potentially viable (E, — AH < 5.5 kJ mol™"). The promising findings on the cocoa
shell pyrolysis can expand the use of this residue in bioenergy applications, consisting of a great attempt toward its
valorization.
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[1]. In parallel, there is an estimation that 21 million tons of
potential feedstock for bioenergy were produced in 2018, tak-
ing into account that only 20% of the cocoa fruit was raw
material (cocoa beans) for producing chocolate and cocoa-
derivative foods [2]. In this context, the cocoa shell, which is
a lignocellulosic residue, is generated in significant amounts
from cocoa processing (as in the chocolate industry),
representing a critical environmental issue for cocoa-
producing countries [2]. Bioenergy production from this un-
explored lignocellulosic by-product emerges as a potential
way to reach zero waste in the chocolate industry. The
bioenergy conversion of a lignocellulosic residue by thermo-
chemical routes, when well established, can substantially re-
duce environmental pollution linked to the sustainable per-
spective of produce bioenergy products and to diversify the
energy matrix with renewable sources.

Among the thermal conversion routes, pyrolysis is an attrac-
tive thermochemical technology where the biomass can be po-
tentially converted into different kinds of bioenergy products
(pyrolytic syngas, biochar, and bio-oil). The understanding of
pyrolysis kinetics, thermodynamics, and evolved gas aspects is
indispensable to perform an adequate bioenergy production
from the cocoa shell pyrolysis. Thermogravimetric analysis
(TGA) coupled with Fourier-transform infrared spectroscopy
(FTIR) has become a remarkable tool to monitor the evolved
gases produced during the pyrolysis of biomass [3].
Thermogravimetry is a technique often used to evaluate pyrol-
ysis characteristics, such as thermal behavior, kinetic parame-
ters, and thermodynamics parameters. The thermodynamic
analysis is often recognized as an extension to kinetic valuation,
and it is required to get an insight into the pyrolysis process in
terms of energy requirements, which in turn is important in the
design of a pyrolysis reactor at the large-scale process, as em-
phasized by previously published studies [4—6]. From the
thermogravimetry data, it is possible to evaluate the kinetic
parameters using different mathematical approaches.

Isoconversional (model-free) methods allow the estimation
of apparent activation energy (£,) without making any as-
sumption about the reaction model (f(«))) and pre-
exponential factor (A). This assumption is not possible from
model fitting because this method is dependent on the reaction
model and each experimental condition has a kinetic triplet
(Ea A, and fla)) value [7]. Also, the kinetic triplet estimated
from the model-fitting approach shows the disadvantage of
being only applicable to the experimental conditions
established for the kinetic triplet calculation; thus, these pa-
rameters cannot be applied widely [8]. The reaction model
during the pyrolysis of biomass can be described by different
types of heterogeneous reaction models, such as the nucle-
ation models, reaction order models, geometrical contraction
models, and diffusion models, which can be determined by the
master plot. For the pre-exponential factor, methods such as
the compensation effect and ASTM E698-18 are reported in
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the literature; however, the compensation effect has appeared
more appropriate for the kinetic study than ASTM E698-18,
since the compensation effect takes into account the several
reaction models for the determination of A [3, 8—10]. Thus, the
kinetic triplet can be adequately extracted from nonisothermal
thermogravimetric data by using model-free (isoconversional)
methods, the compensation effect method, and the master plot
method, which are reliable mathematical methods recom-
mended by the Kinetics Committee of the International
Confederation for Thermal Analysis and Calorimetry
(ICTAC) [3, 10, 11]. From an engineering perspective, knowl-
edge of the kinetic triplet can be used in computational fluid
dynamics (CFD) modeling to support the developing and scal-
ing up of pyrolysis reactors [12—14].

The Vyazovkin method is an advanced isoconversional
method that provides £, as a function of the degree of con-
version (o) by nonisothermal conditions with high data accu-
racy. This method is scarcely explored and reported in the
literature [11, 15, 16]. The use of this method requires prelim-
inary data treatment since the biomass pyrolysis involves very
complex devolatilization reactions that often incorporate mul-
tistep mechanisms, i.e., successive and parallel reactions [17,
18]. In this respect, mathematical tools such as deconvolution
fitting functions can extract the several parallel reactions of
biomass pyrolysis and provide accurate values of the kinetic
triplet [15]. Among the different deconvolution fitting func-
tions found in literature, the Gaussian multi-peak fitting func-
tion has proven to be an effective method to extract the single
reactions associated with lignocellulosic pseudo-components
[3, 19]. The description of each reaction in biomass pyrolysis,
reached from deconvolution, can be used in the Vyazovkin
isoconversional method to provide suitable kinetic data for
biomass pyrolysis. According to Wang et al. [20], few studies
report the pyrolytic kinetics of lignocellulosic biomass using a
combined kinetic approach.

To the best of our knowledge, there is no literature report
about the kinetic triplet, thermodynamic parameters, and
evolved gas analysis for cocoa shell pyrolysis to extract essen-
tial insights for the future design of effective pyrolysis reactor.
Because of this, the novelty of the current study is to present a
combined kinetic procedure for interpretation of the multistep
process of the cocoa shell pyrolysis in terms of kinetic triplet
and thermodynamic parameters. This combined approach is
rarely considered for thermochemical conversion since a sig-
nificant part of published kinetic studies use simplified
methods, which accounts for a single-step process because
these simplified methods do not provide sufficiently reliable
data. This study attempts to estimate pyrolysis characteristics
of the cocoa shell, including kinetic triplet, thermodynamic
parameters, and evolved gas analysis using a thermogravimet-
ric analyzer coupled with a Fourier-transform infrared spec-
trometer (TGA-FTIR). The parallel reactions in the cocoa
shell pyrolysis were extracted by the deconvolution method
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using the symmetrical Gaussian function, where five indepen-
dent parallel reactions were identified. The kinetic triplet of
the corresponding five pseudo-components was separately es-
timated by using the Vyazovkin method, compensation effect,
and master plot method. The applicability of the calculated
kinetic triplets was evaluated from the reconstruction of the
curves and comparison with the experimental data.
Additionally, the compensation effect method and ASTM
E698-18 standard (based on the Kissinger’s method) were
compared in order to indicate the most reliable and accurate
method in predicting the pre-exponential factors for the cocoa
shell pyrolysis under a multi-component approach.
Thermodynamic parameters were calculated with the Eyring
theory to discuss the nature of the cocoa shell pyrolysis. The
TGA-FTIR technique was used to characterize the volatile
products from pyrolysis. It is expected that this study can
successfully contribute to future effective bioenergy exploita-
tion from the cocoa shell.

2 Materials and methods
2.1 Preparing and characterizing the cocoa shell

The cocoa shell was reclaimed from a cocoa processing in-
dustry located in the state of Bahia (Northeast Brazil). The
sample was first washed to remove physical impurities (sand,
dust, and mud) and then oven-dried overnight at 378 K. The
dried cocoa shell was grounded in a cutting mill (Solab, SL-
31, Piracicaba, Brazil) and sieved to obtain a particle size
smaller than 150 um using a mechanical sieve shaker
(Bertel, Sao Paulo, Brazil). The choice for small particle size
(< 150 um) is often indicated for thermogravimetric experi-
ments to reduce heat and mass transfer limitations, as ob-
served in previous studies [5, 21]. The cocoa shell sample
(with particle size below 150 pum) was kept in a tightly closed
plastic container until the characterization and pyrolysis
experiments.

The physicochemical characteristics of the cocoa shell
were investigated by proximate analysis, ultimate analysis,
heating values, bulk density, and biochemical composition.
Proximate analysis was conducted in a thermogravimetric an-
alyzer TGA-Q50 (TA Instruments, New Castle, USA) accord-
ing to ASTM E1131-08 standard to identify the contents of
inherent moisture, volatile matter, fixed carbon, and ash [22].
The contents of carbon, hydrogen, and nitrogen were deter-
mined with an Elemental Analyzer 2400 CHN Series 11
(Perkin-Elmer, Shelton, USA) following the ASTM D5373-
08 standard procedure [23]. The content of sulfur was identi-
fied by an inductively coupled plasma optical emission spec-
troscopy analyzer (ICP-OES, Spectro Arcos, Mahwah, USA)
according to the ASTM D4239-17 [24], while the content of
oxygen was calculated by the difference. The biochemical

composition is defined in terms of extractives, hemicellulose,
cellulose, and lignin. The weight percentages of these compo-
nents were experimentally determined according to the Van
Soest procedures [25]. Extractives’ content was indirectly de-
termined by subtracting the weight percentages of hemicellu-
lose, cellulose, lignin, and ash, from 100 wt% [26]. The higher
heating value (HHV) was determined experimentally through
an adiabatic bomb calorimeter IKA C200 (IKA Calorimeters,
Wilmington, USA) following the ASTM D5865 standard
[27]. The lower heating value (LHV) was calculated from
the HHV by deducting the latent heat required to vaporize
water (LHV(MJ kg™") = HHV(MJ kg )-0.2183H(wt%))
[26]. The bulk density was determined by a graduated cylinder
using ASTM E873-82 [28].

2.2 Thermogravimetric analysis

Thermogravimetric curves are an appropriate way to estimate
the devolatilization kinetics and evaluate the cocoa shell py-
rolysis. A thermogravimetric analyzer (STA 449 F3 Jupiter,
Netzsch, Germany) was applied to record the mass loss as a
function of temperature (nonisothermal measurements) during
the pyrolysis of the cocoa shell. The cocoa shell sample (about
10.00 mg with particle size below 150 pum) was placed in an
alumina crucible and heated from room temperature to 1100 K
at four different heating rates (5, 10, 20, and 30 K minfl) with
high-purity nitrogen (99.997%) flowing at 60 mL min .
Particle size and mass of the cocoa shell sample were kept
small to ensure the kinetically controlled regime during
devolatilization. These variables agree with previous observa-
tions, which indicate that the use of small particle size at low
heating rates in thermogravimetric experiments can eliminate
heat transfer and intra-particle diffusion limitations [5, 21].
The thermogravimetric data were corrected for the effect of
buoyancy by performing a blank experiment for each heating
rate condition. The experiments for each condition were per-
formed thrice to confirm the reproducibility of the results and
data used for kinetics evaluation.

2.3 Kinetic study

Thermal decomposition kinetics is generally based on a hetero-
geneous conversion process (solid particle turns into volatiles),
which can be mathematically (Eq. 1) expressed by the fundamen-
tal solid-volatiles conversion equation associated to Arrhenius
equation [10]. The biomass decomposition process occurs in a
complex way, where its thermal stability can depend on the
distribution of several natural polymers. However, the use of
Eq. 1 considers the thermal behavior of a single component,
i.e., only the decomposition of one component can be described.
Therefore, this equation is not suitable for all kinds of biomasses
due to their complex composition, as observed by da Silva [11].
In this context, recent studies are performing the kinetic
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evaluation from several single components, being the sum of the
thermal effect of each component accounted during the pyrolysis
of biomass [3, 8, 15].

The deconvolution algorithm used in this study was designed
based on newly published studies about multistep kinetic evalu-
ation for biomass pyrolysis [3, 8]. For this, the overlapped dif-
ferential kinetic curves derived from TGA data were
deconvoluted into multiple pseudo-components associated with
contributions of extractives, hemicellulose, cellulose, and lignin,
by using the Gaussian multi-peak fitting function. This mathe-
matical function has been successfully employed in dealing with
lignocellulosic biomass pyrolysis [3, 19], which often exhibits a
pyrolytic behavior with multistep kinetics. For this study, the
pseudo-component peaks were extracted using the Microsoft
Excel® software and Gaussian function. Thus, the solid-
volatiles conversion equation considering the sum of the parallel
decomposition reactions of several single components from bio-
mass can be expressed by the right side of Eq. 1:

do
(E) Biomass ( 1 )

= Abiummx'eEamw/RTf (a)BinmmSE %1 ¢ <%> - % CiA"eEH‘/RTf (a)i
where « is the conversion, # (min) is the time, A (min ") is the pre-
exponential factor, £, (kJ mol ) is the apparent activation energy,
T (K) is the temperature, R (kJ mol ' K ') is the gas constant, f{c)
is the reaction model, ¢ is the contributed fraction, the subscript
represents each possible component during the biomass pyrolysis,
and N is the total number of components in the biomass. The use
of nonisothermal programming at different heating rates (3, K
min ') makes Eq. 1 not widely used for the kinetic study of
biomass. Thus, the heating rate (d7/d¢ = () is commonly used
in Eq. 1 to provide a more suitable expression (Eq. 2) for the
kinetic evaluation under nonisothermal programming:

(j—;f) % f(a), @

The E, values of biomass pyrolysis can be calculated using
the differential or integral form of Eq. 2. According to
Vyazovkin et al. [10], the differential form provides low ac-
curacy and a high level of noise, scattering the resulting de-
rivative curves, which is not suitable for the determination of
E, values. Thus, the integral form becomes more frequently
used for £, determination. The following equation expresses
the integral form of Eq. 2:

Ld A
g(a)[:({ o _ 4

i AiE,;
fle), B

RS

T —Eg4j .

Zj e /"dTE%](Em,T) = p(x) (3)
In Eq. 3, g(@) is the integral form of the reaction model,

I(E,;,T) represents the temperature integral inside g(«), and

p(x) is the approximation equation for the integral temperature

equation with x = E,/RT.
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2.3.1 Determination of apparent activation energy

For E, determination, Eq. 3 has no analytical solution, which
becomes necessary to use alternative solution equations,
known as approximate equations. Several approximate ex-
pressions have been proposed, with most of them proposing
a linear relationship of the experimental data, which leads to
reduced data accuracy due to various approximations [10].
Thus, according to Vyazovkin et al. [10], the use of numerical
integration methods, such as the Vyazovkin method (Eq. 4),
can increase the accuracy of the data:

n o 1(Ea, T))B)

El 2 E TVA (EaT)5, = n(n—1) (4)

where 7 is the number of experimental runs under different
heating rates. In Eq. 4, the E,, is estimated by minimizing the
difference between the left-hand and right-hand sides. Thus,
E, values are randomly added until obtaining a minimum
value for equality between both sides, where the left side is
solved by the approximation method of Senum and Yang
fourth [3].

2.3.2 Determination of pre-exponential factor (A)

The compensation effect (Eq. 5), generally used for the esti-
mation of A, is based on the linear relationship between £, and
In(A). Initially, the compensation parameters (a and b) are
obtained from a model fitting at a single heating rate and
several reaction models found in the literature [3]. This plot-
ting provides a straight line, where the slope and y-intercept
are the compensation parameters a and b, respectively. After
finding the compensation parameters, the values of A are es-
timated with Eq. 5 by adding the £, values previously deter-
mined by an isoconversional method.

In(A) = aE, + b (5)

The use of compensation effect for A determination is in
accordance with ICTAC Kinetics Committee recommenda-
tions [10]. The pre-exponential factor can also be obtained
by Eq. 6, which is presented by the ASTM E698-18 standard
[9]. Equation 6 is based on Kissinger’s method (Eq. 7), which
is a model fitting. Equation 6 is obtained by rearranging Eq. 7,
where the reaction model is assumed as a first-order reaction

gl =—1)

ﬁEa,i . .

A = WeEMJ/RTmJ (6)
5 AR Eq

1 =In( -

n( 3%1' Ea-i g(a) RTm i (7)
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2
In Eq. 6 and Eq. 7, T, represents the maximum peak tem- 5 2 [(‘fi_?) exp_(il_(;) sim}
perature (K) observed from the differential thermogravimetric R =1- (13)

curve (DTG) and the subscript i represents each possible com-
ponent during the biomass pyrolysis.

2.3.3 Identifying the most probable reaction model (f(a))

The master plot is a well-established mathematical procedure
used to determine the most probable reaction model during the
pyrolysis of biomass and is based on the comparison between
theoretical (g(c)/g(0.5)) and experimental curves plotted as
g()/g(0.5) versus a. The theoretical curves are drawn based
on different reaction models found in the literature
(Supplementary Table S1), while the experimental curves
are obtained from Eq. 8 [3]:

_ plx) ()

where g(0.5) is the integral form of the reaction model when
the conversion reaches 50% and p(x,s) is the approximate
equation when x = E/RTj s.

2.3.4 Reconstructing experimental pyrolysis behavior using
kinetic triplet

Pyrolysis behavior for each heating rate was mathemat-
ically expressed using the kinetic triplet previously de-
termined by isoconversional methods, compensation ef-
fect, and master plot. Thus, it plotted the simulated
curves in terms of da/dt versus T to compare with ex-
perimental curves and to confirm the obtained kinetic
triplet. The simulated curves were solved numerically
using the method of fourth-order Runge-Kutta in the
pyrolysis kinetic expression, and the results were com-
pared with the experimental curves by the residual (Eq.
9), mean residual (Eq. 10), residual sum of squares (Eq.
11), the total sum of squares (Eq. 12), coefficient of
determination (Eq. 13), Chi-square (Eq. 14), and quality
of fit (Eq. 15):

da da
Residual = [ — | —(—
esidua ( dt )exp < dt ) sim (9)
da da
M Residual = — - — 1
ean Residua [( & ) - ( & ) Sim] /N (10)
d d ?
o o
RSS = — ] —(— 11
Z[(dt>exp (dt>sim‘| ( )
_[da
dt

ZK () ] 1)

2
%[ (98) o (%) e

e Z((%>exp_(%>sim>z J(N-1) (14)
ore-sof [((8), (5)_) W] 4).]

(15)

In Eq. 9 and Eq. 10, (da/df)cy, is the experimental values of
da/dt, (da/df)ayerage s the average of experimental values of
da/dt, (da/df)gi, 1s the values of da/df calculated by the nu-
merical method of fourth-order Runge-Kutta, and N is the
number of experimental data points.

2.4 Calculating the thermodynamic functions

The definition of the thermodynamic functions (changes of
enthalpy, AH; Gibbs free energy, AG; and entropy, AS) is a
precondition to bringing a pyrolysis process to industrial-scale
implementation concerning accomplish energy calculations
[16]. The thermodynamic calculations regarding the conver-
sion degree were performed using kinetic data (£, and A) and
thermogravimetric data points, from the following equations
based on the activated complex theory [29]:

B ksT
AG—Ea—i—RTmln(hA) (16)
AH = E,~RT (17)
AS:% (18)

where kg represents the Boltzmann constant (1.381 x 1072 J
K, h represents the plank constant (6.626 x 103475, and
T represents the temperature (K).

2.5 Evolved volatile analysis (TGA-FTIR)

Evolved gas analysis of the pyrolysis of the cocoa shell was
performed using a thermogravimetric analyzer (STA 449 F3
Jupiter, Netzsch, Germany) coupled to a Fourier-transform
infrared spectrometer (Tensor II, Bruker, Germany). TGA
and FTIR devices were connected by a heated line at 503 K,
to avoid the condensation of volatile compounds from pyrol-
ysis. A sample mass of 40 mg (with particle size below 150
pum) was heated from room temperature to 1100 K at a heating
rate of 20 K min "' under a gas flow rate of 40 mL min "' under
a high-purity N, atmosphere (99.999%). FTIR spectra of the
gaseous products were recorded continuously every 16 s in the
spectral region from 4000 to 650 cm '. The NIST Chemistry
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WebBook (https://webbook.nist.gov) was used to identify the
components of the evolved gas.

3 Results and discussion
3.1 Physicochemical properties of cocoa shell

According to proximate composition extracted from Fig. 1,
the cocoa shell sample presents a volatile matter content of
70.89 wt% and a fixed carbon content of 22.34 wt%, which
are comparable with reference fuels such as wood chips
and some coals [30]. A high volatile matter implies a high
reactivity in comparison with coals. The ash content of
6.77 wt% in the cocoa shell (refer to Table 1) is in accor-
dance with the typical composition of commercial biomass
fuels (with a range from 0.6 to 9.8 wt%) [31] and is con-
siderably lower than that of typical Brazilian coals (from
27.4 to 83.1 wt%) [32], which is an advantage for use in
the thermochemical route. A low ash content implies a
little possibility of incidence of operational problems that
can limit mass and heat transfer, mainly at large-scale pro-
duction, such as fouling and slagging [6]. The measured
moisture content of the collected cocoa shell was less than
10 wt%, which is generally regarded as acceptable for bio-
mass thermal conversion [31].

As observed in Table 1, the cocoa shell consists pre-
dominantly of carbon (42.16 wt%), hydrogen (6.08 wt%),
and oxygen (43.66 wt%). In addition, the low levels of
nitrogen (1.32 wt%) and sulfur (0.01 wt%) are favorable
for the pyrolytic conversion of the cocoa shell into
bioenergy products in an environmentally friendly way,
i.e., without significant release of toxic emissions, such
as nitrogen oxides (NOy) and sulfur oxides (SOy). Note
that the elemental composition of several bioresidues sug-
gested as feedstocks for pyrolysis ranges from 41.2 to
49.0 wt% of carbon, from 5.3 to 6.2 wt% of hydrogen,

Table 1 Physicochemical characterization of the cocoa shell, including
proximate analysis, ultimate analysis, heating values, bulk density, and
biochemical composition

Cocoa shell

Proximate analysis (wt%)

Moisture 1.61*
Volatile matter 70.89°
Fixed carbon 22.34°¢
Ash 6.77°
Ultimate analysis (Wt%)

Carbon 42.16°
Hydrogen 6.08°
Nitrogen 1.32°
Sulfur 0.01°
Oxygen 43.66°°
Heating values (MJ kg ")

HHV 17.21°
LHV 15.97°
Bulk density (kg'm ™) 581.25°
Biochemical composition (wt%)

Hemicellulose 21.82¢
Cellulose 30.72¢
Lignin 31.70¢
Extractives 15.86%¢
 Alir dried basis

°Dry basis

¢ Calculated by difference
9 Dry ash-free basis

from 41.7 to 46.3 wt% of oxygen, and from 0.4 to
8.2 wt% of nitrogen [33]. The elemental composition of
the cocoa shell was shown to be within these ranges of
values, which is a favorable indication of its suitability
for pyrolytic conversion.

Fig. 1 Thermogravimetric 40 1400
analysis curve for proximate
analysis of the cocoa shell 351
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70} ]
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As can be observed in Table 1, the studied cocoa shell
sample contains 15.86 wt% of extractives, 21.82 wt% of
hemicellulose, 30.72 wt% of cellulose, and 31.70 wt% of
lignin (on a dry ash-free basis). Titiloye et al. [34] reported
the following biochemical composition (on a dry ash-free ba-
sis) for cocoa shell: 23.66 wt% of extractives, 11.97 wt% of
hemicellulose, 30.41 wt% of cellulose, and 33.96 wt% of
lignin. Thus, for the sample used in this study, the weight
fractions of cellulose and lignin are reasonably close to the
literature mentioned above. Particularly, the content of hemi-
cellulose agreed very well with the content found for other
lignocellulosic residues (18.8-21.5 wt%, on a dry ash-free
basis) [5]. Regarding the lignin content, when compared with
common agroindustrial residues [33], the value achieved for
the cocoa shell is relatively high. This high value is often
appropriate for thermochemical conversion processes.

The HHV for the cocoa shell (17.21 MJ kg™") was higher
than that of common samples of lignite coal (13.34 MJ kg ')
[35] and sub-bituminous coal (10.29 MJ kg ") [32]. Cocoa
shell is characterized by its high bulk density (581.25 kg
m ) as compared with other bioenergy feedstock, including
wood (500.00 kg m>), pine (285.00 kg m ), hazelnut husk
(481.00 kg m ™), or palm leaf (298.00 kg m ) [36]. Usually, a
high bulk density value implies a low cost for storage, trans-
portation, and handling. These physicochemical features

100

80+

TG (%)

40

20

0 T T T T T T T
300 400 500 600 700 800 900 1000 1100

illustrate that the cocoa shell can be an eco-friendly and com-
petitive feedstock for bioenergy.

3.2 Pyrolysis characteristics of the cocoa shell

Figure 2a and b show respectively the TGA and DTG curves
for the pyrolysis of the cocoa shell as a function of the tem-
perature at four heating rates of 5, 10, 20, and 30 K min ', The
pyrolysis profile (TGA/DTG) of the cocoa shell is qualitative-
ly similar to that reported by Biagini et al. [37]. Five events
involving mass loss can be distinguished during the pyrolysis
of'the cocoa shell, where this complex devolatilization is com-
posed of overlapping events of extractives, hemicellulose, cel-
lulose, and lignin in a parallel decomposition reaction. The
first event between 310 and 424 K is the evaporation of inher-
ent moisture with an average mass loss of 3.06 = 0.19%. The
second event, between 400 and 524 K, is possibly the
devolatilization of extractives with an average mass loss of
11.73 £ 1.04%. At this temperature range, the devolatilization
of extractive species is expected, since they are less thermally
stable than hemicellulose, cellulose, and lignin [37, 38]. The
third event can be attributed to the devolatilization of hemi-
cellulose between 482 and 579 K, with an average mass loss
of 15.09 + 0.80%. Hemicellulose is composed of various
polysaccharides such as xylose, mannose, glucose, and

5 K min!

10 K min™
20 K min™!
30 K min™

0 ¥ T T T
300 400 500 600 700 800 900

1000 1100
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TM J w 36.68 50.00 32.60 28.80 175.00
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O o. E 10 466.63 510.91 542.17 585.77 633.90
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Fig. 2 The nonisothermal a TGA and b DTG curves for the cocoa shell devolatilization and ¢ deconvoluted peaks using Gaussian function and their
respective parameters for each independent pseudo-component of cocoa shell devolatilization (at four heating rates)
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galactose, and it is decomposed to volatile at low temperatures
as compared with cellulose [38]. The fourth event (with an
average mass loss of 22.61 + 0.30%) is characterized by a
dominant peak in the DTG profile at a temperature range of
570-600 K, and it is related to cellulose devolatilization [37,
39]. The fifth event (at a temperature range of 616900 K and
with an average mass loss of 13.46 + 1.55%) is associated
with the decomposition of lignin, which often occurs at a large
temperature range and slows the decomposition rate.
According to Wang et al. [20], this behavior for lignin is
observed at a temperature range from 450 to 1170 K.

According to the pyrolysis profiles, the active zone of the
cocoa shell pyrolysis occurred within the temperature range of
400-900 K with a characteristic high release of volatile matter
(about 62.88%) caused by parallel devolatilization of the
pseudo-components (extractives, hemicelluloses, cellulose,
and lignin). From the DTG curves, it is clearly observed that
cocoa shell pyrolysis is kinetically complex, with multiple
overleaped reactions occurring simultaneously. To differenti-
ate the decompositions of hemicellulose, cellulose, and lignin
in the active pyrolysis zone, the deconvolution technique was
applied to find each independent pyrolytic reaction.

As shown in Fig. 2¢, the complex devolatilization behavior
of the cocoa shell was deconvoluted into five peaks using the
symmetrical Gaussian function, which showed a coefficient of
determination (R?) higher than 0.9837 for the active pyrolysis
zone. Contributions of five independent components de-
scribed the complex pyrolysis behavior of the cocoa shell,
referred to as pseudo-extractives (single peak: P-ET),
pseudo-hemicelluloses (two peaks: P-HC1 and P-HC?2),
pseudo-cellulose (single peak: P-CL), and lignin (single peak:
P-LG). The assumption of two pseudo-components for hemi-
cellulose (P-HC1 and P-HC2) appears highly applicable since
the biomass is composed of different structures and amounts
of hemicelluloses (a mixture of polysaccharides), which result
in complex thermal behavior. A similar finding was previous-
ly reported for wood pyrolysis, with two distinguishable peaks
found during the devolatilization of hemicellulose [40].

3.3 Kinetic triplet examination

3.3.1 Estimation of apparent activation energy by Vyazovkin
method

Table 2 presents the results of apparent activation energy
(E,) as a function of the degree of conversion («) calculat-
ed by Vyazovkin method for each independent pseudo-
component. In this study, the devolatilization of the cocoa
shell was considered by the effect of the sum of five dif-
ferent pseudo-components: P-ET, P-HC1, P-HC2, P-CL,
and P-LG.

According to Table 2, the relative errors (¢) for all pseudo-
component are lower than 1.42%, indicating high accuracy in

@ Springer

the kinetic data obtained by the Vyazovkin method. The first
pseudo-component (P-ET) shows a small increase in the E,
value (100.57 to 112.60 kJ mol 1), which was nearly constant
at all conversion range. The behavior in £, values for P-ET
indicates the predominance of a single reaction mechanism
that describes the P-ET decomposition. In addition, the low
E, values for P-ET indicate low thermal stability, which re-
quires low temperature for complete thermal decomposition.
For pseudo-components associated with hemicellulose (P-
HC1 and P-HC2), a similar behavior of £, values during py-
rolysis is observed, with a more significant increase of E,
values than that obtained for P-ET. The increase of E, values
for P-HC1 represented 28.67% with a difference of 38.34 kJ
mol ! between the initial and final values (133.71 to 172.05 kJ
molfl). Meanwhile, the P-HC2 showed an increase of
21.96 kJ mol™!' between the initial and final E, values
(128.63 to 150.59 kJ molfl), which represented 17.07%.
The average value of E, for P-HC1 was higher than that ob-
tained for P-HC2, thus indicating the high thermal stability of
P-HC1 when compared with P-HC2. The thermal stability of
P-HC1 can be associated with a low decomposition rate at a
wide range of temperatures compared with P-HC2, which
results in greater energy required to break chemical bonds.
Table 3 presents a comparison between the £, values for the
five pseudo-components of cocoa shell pyrolysis and litera-
ture values for the pyrolysis of different types of biomass.
As can be observed in Table 3, the average values of E,, for
P-HC1 (152.41 £9.88 kJ mol ") and P-HC2 (139.48 £ 5.65 kJ
mol ") are close to the values for pseudo-hemicellulose report-
ed in the literature, as 166.98 kJ mol™! for rice straw, and
129.10 kJ mol ™" for sugarcane bagasse [8, 41]. For P-CL, an
increase of £, values comparable with that noted for hemicel-
Iuloses (P-HC1 and P-HC2) is observed in Table 2. The values
obtained for P-CL are according to that estimate by Yang et al.
[43] for microcrystalline cellulose, where the first step in-
volves the formation of active cellulose (137.0 kJ mol )
and dehydrocellulose followed by active cellulose decompo-
sition by two competitive formations of two volatiles
(159.2 kJ mol ™" and 203.5 kJ mol™"). The reported values
are similar to those obtained for the cellulose of cocoa shell,
where E, is equal to 135.62 kJ mol ' at the beginning of the
reaction (formation of active cellulose) and 154.37 kJ mol ' at
the end of the reaction (active cellulose decomposition). For
P-LG a significant increase in the E, value occurred with the
increase of conversion, resulting in a high value of £, (201.42
+32.77 kJ mol ") when compared with the other pseudo-
components. The increase was from 145.47 to 270.69 kJ
mol !, which can be associated with the presence of several
reactions that occur in parallel together with the high thermal
stability of C—C bonds, thus needing more energy to break the
chemical bonds. These high £, values for pyrolysis of pseudo-
lignin are reported for several biomasses (refer to Table 3),
such as sugarcane bagasse (170.70 kJ mol ™', average value)
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Table2  Apparent activation energy (£,) values and thermodynamic parameters (AH, AG, and AS) calculated by the Vyazovkin method and activated
complex theory for each independent pseudo-component at a different level of conversion

Component Parameter Conversion Average™® °(%)
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

P-ET E, kJ mol 1) 100.57  99.86 100.72 101.96 103.39 105.01 106.88 109.20 112.60 104.56 (+x3.51) 0.78
AH (kJ mol ) 100.83  100.76  100.72 100.68 100.64 100.60 100.56 100.51 100.44 100.64 (=0.10) -
AG (kJ mol ) 133.29 133.84 134.25 134.61 13494 13527 135.63 136.06 136.64 134.95(=0.86) -
AS(Tmol ' K™Y —7230 —7244 —72.54 —72.63 —72.71 —72.79 —72.87 —72.97 —73.11 —7270*021) -

P-HC1 E, (kJ mol™") 133.71  139.81 144.37 148.34 152.12 15596 160.12 165.06 172.05 152.41(=9.88) 042
AH (kJ mol ™) 148.39 14830 148.23 148.18 148.12 148.07 148.02 14795 14786 148.12(+£0.14) -
AG (k] molfl) 143.50 14339 143.31 143.25 143.19 143.13 143.06 14299 14289 143.19 (+£0.16) -
AS (J mol ! Kﬁl) 10.12 9.94 9.80 9.69 9.59 9.49 9.38 9.26 9.09 9.60 (£0.27) -

P-HC2 E, k] molﬁl) 128.63 13226 134.92 137.24 13940 141.58 14394 146.70 150.59 13948 (+=5.65) 0.31
AH (k] molfl) 135.11 35.05 135.00 13497 13493 13490 13486 134.82 13476 13493 (+0.09) -
AG (k] molfl) 155.72  156.00 156.20 15638 156.54 156.70 156.88 157.08 15737 156.54 (+0.42) -
AS (J mol ! Kﬁl) —39.19 —3930 —3938 —3945 —-3951 —39.58 —39.64 —39.72 —39.83 —39.51 (x0.16) -

P-CL E, KkJ mol 1) 135.62 138.76  141.03 143.00 144.84 146.70 148.70 151.03 15437 14490 (=4.80) 0.32
AH (kJ mol ) 140.14 140.08 140.05 140.01 13998 13995 13992 139.88 139.83 13998 (+0.08) -
AG (kJ molh) 17297 173.33  173.59 173.82 174.03 17424 17446 17473 175.09 174.03 (£0.55) -
AS(Umol 'K —5733 —5742 —5749 —5754 —57.60 —57.65 —57.70 —57.77 —5785 —57.59 (£0.13) -

P-LG E, (kJ mol' ! 14547 15945 17248 18493 19744 210.68 22556 243.85 270.69 201.42 (+32.77) 0.25
AH (kJ mol ) 197.01 196.71 19648  196.28 196.10 19592 195.72 19549 195.17 196.10 (+047) -
AG (kJ mol ) 179.96 178.78 177.92 177.19 176.52 175.85 175.13 17430 173.17 176.54 (+1.75) -
AS(Imol 'K 3221 31.65 31.26 30.94 30.64 30.36 30.07 29.74 29.31 30.69 (= 0.75) -

 Average calculated using the kinetic and thermodynamic parameters for all conversion data (variation of 0.001)
® Relative error calculated from the relationship between the right and left side of Eq. 4 by € = 100%(|left side — right side|)/right side

¢ +Average absolute deviation

[8], pine-fruit shell (309.38 kJ mol ™', average value) [3], and
acai seed waste (346.24 kJ mol !, average value) [6].

3.3.2 Evaluation of the reaction model

The master plot method is used to distinguish the most prob-
able devolatilization reaction pathway of each pseudo-
component related to cocoa shell pyrolysis, as shown in Fig.
3b. The overlap between experimental and theoretical curves
of the master plot revealed the most appropriate reaction mod-
el for each pseudo-component at the cocoa shell pyrolysis (P-
ET, P-HC1, P-HC2, and P-LG). From the master plot results,
different reaction mechanisms were identified for the pyroly-
sis of cocoa shell, which confirms its inherent multistep kinet-
ics characteristic. The reaction model was described by the n-
order models as the major component, except for the P-CL
(R2: contracting cylinder). Low values of relative error were
observed for P-ET (¢ =0.12%), P-HC1 (¢ = 0.09%), P-HC2 (e
=0.19%), P-CL (¢ = 0.24%), and P-LG (¢ = 0.56%), suggest-
ing a good application of these models to describe the pyrol-
ysis of the pseudo-components present in the cocoa shell.

The devolatilization reaction mechanism of primary and
secondary hemicelluloses (PS-HC1 and PS-HC2, respective-
ly) can be inferred to be a second-order reaction model (F2)
and first-order reaction model (F1), respectively. It was veri-
fied that the devolatilization of PS-ET followed the first-order
reaction model (F1). For the n-order reaction mechanism, the
devolatilization corresponds to the concentration of reactant
raised to a specific power n [16]. Particularly, an eighth-order
reaction model (F8) was found for P-LG, which implies a low
collision probability. One could speculate that given the in-
herent characteristic of lignin structure, which involves a com-
plex and rigid cross-linked phenolic structure, lignin pyrolysis
is often associated with the combined effects of several mech-
anisms such as nucleation, diffusion, and power-law mecha-
nism [20, 44]. Thus, it is reported that the high reaction order
for lignin pyrolysis is a result of this combined effect. Chen
et al. [45] observed that reaction orders between 6 and 8 could
represent the pseudo-lignin of bamboo waste. For P-CL, the
contracting model suggests that the quick nucleation controls
the decomposition from the external surface toward the center
of the sample. The occurrence the several parallel reactions
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AH (kJ mol ") AG (kJ mol ™! AS (Jmol ' K™

E, (kJ mol™")

Kinetic method

Table 3  Comparison of apparent activation energy and thermodynamics parameters for cocoa shell pyrolysis with literature values for lignocellulosic biomass pyrolysis

Reference Feedstock

@ Springer

100.64 for P-ET, 148.12 for 134.95 for P-ET, 143.19 for —72.70 for P-ET, 9.60

Multistep kinetics (Vyazovkin) 104.56 for P-ET, 152.41 for

This study Cocoa shell

P-HCI1, 134.93 for P-HC2, P-HC1, 156.54 for P-HC2, for P-HC1, — 39.51 for P-HC2,

P-HC1, 139.48 for P-HC2,

—57.59 for P-CL, 30.69 for P-LG

28.77 for P-HC, 38.31 for P-CL,

174.03 for P-CL, 176.54 for P-LG

158.09 for P-HC, 173.13 for

139.98 for P-CL, 196.10 for P-LG
174.31 for P-HC, 196.05 for P-CL,

144.90 for P-CL, 201.42 for P-LG

Multistep kinetics (Vyazovkin) 179.00 for P-HC, 201.02 for

Pine-fruit shell

Ref. [3]

166.13 for P-LG
— 115.00 for P-HC, — 77.55 for

P-CL, 180.09 for P-LG
164.27 for P-HC, 180.27 for

303.21 for P-LG
99.13 for P-HC, 129.38 for

P-CL, 309.38 for P-LG

Multistep kinetics (Vyazovkin) 103.95 for P-HC, 135.01 for

Acai seed

Ref. [6]

P-CL, 338.54 for P-LG P-CL, 199.75 for P-LG P-CL, 162.02 for P-LG

P-CL, 346.24 for P-LG
130.80 for P-ET, 129.10 for

Multistep kinetics

Sugarcane

Ref. [8]

P-HC, 136.40 for P-CL,

170.70 for P-LG
83.20 for P-ET, 109.80 for

(Starink-1.92)

bagasse

Cashew nut shells Multistep kinetics

Ref. [8]

P-HC, 114.40 for P-CL, 155.40

for P-LG
166.98 for P-HC, 178.47 for P-CL

(Starink-1.92)

164.60 for P-HC, 180.14 for P-CL  —4.13 for P-HC, — 11.01 for P-CL

162.24 for P-HC, 173.30 for P-CL

Multistep kinetics (FWO)
Multistep kinetics (FWO)

Rice straw
Rice bran

Ref. [41]

—62.15 for P-HC, — 12.46 for P-CL

141.62 for P-HC, 167.18 for P-CL

152.05

111.03 for P-HC, 159.96 for P-CL

162.15

115.12 for P-HC, 164.78 for P-CL

167.10

Ref. [41]

Single-step kinetics (FWO)

Castor residue

Ref. [42]

following different mechanisms is widely reported in ligno-
cellulosic biomass pyrolysis [46, 47].

3.3.3 Estimation of pre-exponential factors

The knowledge of the pre-exponential factor is essential to
extract information about the chemical reaction of pyrolysis
and critical to optimize the biomass pyrolysis [48, 49]. As
previously discussed, the overall behavior of cocoa shell py-
rolysis can be interpreted as five parallel devolatilization reac-
tions. For each pseudo-component, a high linear relation be-
tween the apparent activation energy (obtained using
Vyazovkin method) and pre-exponential factor (in its natural
logarithmic form, InA) was confirmed by a high correlation
coefficient (R* > 0.9546 for all pseudo-components as shown
in Fig. 3a). The occurrence of the compensation effect in co-
coa shell pyrolysis corroborates that this method is reasonably
able to deliver representative pre-exponential factors.

The values of In(A) for P-ET, P-HC1, P-HC2, P-CL, and P-
LG, are 26.27, 36.25, 30.41, 28.31, and 39.00, respectively. The
pre-exponential factors for the five pseudo-components are in the
range 0f 2.56 x 10" 10 8.66 x 10" min "' (2.55 x 10" min "', 5.55
x 10" min "', 1.60 x 10" min"', 1.97 x 10'* min"", and 8.65 x
10" min! for P-ET, P-HC1, P-HC2, P-CL, and P-LG, respec-
tively), which are comparable with the range found for sub-
bituminous coal, acai seed waste, and reed canary [6, 50, 51].
The fluctuations are related to the magnitude of the pre-
exponential factors that suggest a complex devolatilization reac-
tion and confirm the hypothesis of several parallel devolatilization
reactions [42, 52]. The values of A calculated from Eq. 6, which is
based on the Kissinger’s method, are shown in Table 4.

The values of A obtained from ASTM E698-18 (Eq. 6) were
near in power to values estimated by the compensation method.
The values of A for P-ET and P-HC2 were similar in both
methods with a difference of 7.69% and 6.36%, respectively,
when compared with the values of A estimated from compensa-
tion effect. This similar data can be associated with the reaction
model identified for this pseudo-component (P-ET and P-HC2),
which was F1 that is the same used on the assumption of
Kissinger’s method. On the other hand, the values of A for P-
HC1, P-CL, and P-LG were different than those obtained from
the compensation effect, with a difference of 55.12%, 104.72%,
and 73.80%, respectively. The dissimilar result can be associated
with considerations applied in Eq. 6 (ASTM E698-18), such as
assuming the reaction model as a first-order reaction, which is
not true since each pseudo-component presents its respective
model. This different value may reflect in a deviation between
the experimental and simulated data.

From the five kinetic triplets obtained, an overall kinetic
differential equation was considered as the sum of the contri-
butions of all pseudo-components to reconstruct the kinetical-
ly complex of cocoa shell pyrolysis.
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3.3.4 Verification of the overall kinetic expression

The thermal decomposition curves (da/dt versus T) were
reconstructed and compared with the experimental data to
verify the accuracy of overall kinetic expression. For this, it
was assumed that the pyrolysis of the cocoa shell is repre-
sented by the contribution of the five independent parallel
reactions. Thus, the overall pyrolysis can be described
mathematically using the kinetic triplet previously estimat-
ed. Equation19 uses the kinetic data with A values calculat-
ed from the compensation method, while Eq. 20 uses the
kinetic data with A values calculated from Kissinger’s
method. This verification is essential to ensure that the
overall kinetic expression obtained can be used in the de-
sign and simulation of cocoa shell pyrolysis and is aligned
with recently published recommendations of the ICTAC
Kinetics Committee for the kinetic analysis of overlapping
multistep reactions [53].

da N da
<E> Biomass B i; “ (E>1 B

CP-ET (2.53x101l)e’104560/RT(17a)
Cp-HC1 (5.54x1015)e—152410/1er(l_a)z
ep-nc2 (1.61x1013) e BHBURT (1)
epcr(1.97x1 012)6—144900/” [2(]7(@ 1/2}
cp1G(8.66x1 016)6’201420/RT( 1—a)®

(19)

Conversion

cppr (2.74x10) e 1OSO0/RT (1)
Cp-HCI (2.48):1015)e’152410/RT(1_0[)2
ep-nea (1 ‘49x10‘3)e*139480/1er(1_a

Ccp-CL (4.05x1012)e’144900/RT {2(1,(1) 1/2]

ep16(2.26x1016) e 2O120/RT (1)

(20)

do N da
<E> Biomass B El “ <E> i B

The individual contribution fraction (c;) for each pseudo-
component during the pyrolysis of cocoa shell waste was
0.1250, 0.0992, 0.1697, 0.2103, and 0.3977 for P-ET, P-HC1,
P-HC2, P-CL, and P-LG, respectively. Based on these data, the
simulated curves were plotted by solving Eq. 19 and Eq. 20 with
the numerical method of Runge-Kutta fourth-order. Figures 4
and 5 indicate that the use of the Kissinger’s method by ASTM
E698-18 to estimate the pre-exponential factor does not repro-
duce the experimental data completely, differently from that ob-
served for compensation effect. The thermal behavior between
423 and 555 K and temperatures above 698 K were reproduced
using the values of A calculated by Eq. 6 (ASTM E698-18);
however, there is a large deviation between reconstructed and
experimental curves. The determination coefficient for curves
obtained from Eq. 20 (R* = 0.5740-0.6938) was lower than that
obtained from Eq. 19 (R2 = 0.9446-0.9749), which indicates a
better reproduction of the experimental data by the kinetic pa-
rameters estimated using Eq. 19. The RSS is another important
parameter to verify both proposed overall kinetic expressions

Table 4 Pre-exponential factor

calculated using the ASTM E698- B (K min™") Pre-exponential factor (min )
18 based on Kissinger’s method
P-ET P-HCI P-HC2 P-CL P-LG

5 2.66 x 10" 223 x 10" 143 x 10" 3.86 x 10" 227 % 10'°
10 2.92 x 10" 2.68 x 10" 1.56 x 10" 423 x 102 238 x 10"
20 2.90 x 10" 278 x 10" 1.57 x 10" 426 x 102 231 x 10"
30 248 x 10" 223 x 10" 142 x 10" 3.84 x 10" 2.08 x 10'¢
Average 274 x 10" 248 x 10" 1.49 x 10" 4.05 x 102 226 x 10'¢
In(A) (In(min 1))
Average 26.34 35.45 30.34 29.03 37.66
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Fig. 4 (-) Reconstructed and (¢) experimental curves (da/dt versus T) at four heating rates and residual for a-b Eq. 19 and ¢-d Eq. 20

(one with A values calculated from the compensation method
and another with A values calculated from Kissinger’s method).
The RSS data for Eq. 19 (RSS = 0.0024-0.0418) was lower than
that of Eq. 20 (RSS = 0.0182-0.5760), i.e., the difference be-
tween simulated and experimental data is lower for Eq. 19 com-
pared with Eq. 20. According to Fig. 5b, the pseudo-components
described by the first-order model (P-ET and P-HC2) were prop-
erly described, while the pseudo-component (P-CL) that is not
described by an n-reaction cannot be described. Considerations
used to obtain Eq. 6 represent the main factor for the inability to
reproduce the experimental behavior. The use of Kissinger’s
method reduced the QOF values due to the consideration of
the first-order reaction to calculate all values of A, where a dif-
ference of 5.9549-6.2609 was observed between the QOF of
both methods. According to ASTM E698-18 [9], the technique
may not work with reactions that include simultaneous or con-
secutive reaction steps; thus, Eq. 20 should not be considered,
and the Kissinger's method is not suitable for indicating the
values of A. Figure 4¢ indicates that Kissinger’s method should
only be used when the reaction model is represented by first-
order reactions. Figures 4a and 5a show a successful description
of the overall process of devolatilization from Eq. 19 for ligno-
cellulosic biomass with high complexity, such as cocoa shell
waste. The curves provided by Eq. 19 describe the thermal be-
havior of cocoa shell waste pyrolysis properly. In Fig. 4a, it is
noted that the thermal behavior provided from Eq. 19 could
describe most of the decomposition region, where a small region

@ Springer

(Fig. 4b—) between 600 and 640 K presented a low adjustment,
although the low difference between the residual mean (Fig. 5).
At this temperature range, the curves calculated from Eq. 20 did
not show a good fit, indicating the non-applicability of the
Kissinger’s method for estimating A values for reactions not
represented by a first order.

These results indicate the validity of the kinetic triplet esti-
mated from the Vyazovkin method, compensation effect, and
master plot, where these data describe as closely as possible
the real decomposition process of cocoa shell waste. Besides,
the reconstruction of the experimental thermogravimetric
curves using the kinetic triplet, with A values estimated from
compensation parameters, is hardly found in the literature,
which is essential for application in thermochemical systems
and prediction of thermal decomposition curves.

3.4 Qualitative evaluation of volatile pyrolysis
products

The 3D-FTIR spectrum of the evolved volatile products
from the pyrolysis of the cocoa shell is shown in Fig. 6a.
Based on this data, the FTIR spectrums (Fig. 6b) were
selected at temperatures of 362 K, 483 K, 551 K, 600
K, 690 K, and 773 K for the identification of the products.
Finally, Fig. 6¢ shows the evolution of the main volatile
products as a function of temperature.
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min~" with their respective statistical analysis

The FTIR spectrums indicated the generation of the follow-
ing volatile species: H,O (water), H;C—OH (alcohols), H;C—
O-CHj; (ethers), H;C—CH; (alkanes), C = O (carbon monox-
ide), O=C=0 (carbon dioxide), H;C—CH=0 (aldehyde, ke-
tones or esters), and CH, (methane). As observed in Fig. 6c,
the volatile products H,O, alcohol, ether, CO,, CO, and alde-
hyde/ketones/esters evolved at a wide temperature range with
an evolution profile that agrees with the pyrolysis behavior
(DTQG). The peaks between 3800 and 3500 cm ! are associat-
ed with the symmetric and asymmetric stretching vibrations of
H,O molecules, which decreases its intensity with increasing
temperature [17]. The presence of H,O molecules was also
identified in the band between 1550 and 1400 cm . The re-
lease of CO, is observed in the strong band between 2400 and
2240 cm_l, with the main contribution related to the cracking
of functional groups of hemicellulose at temperatures below
700 K [54]. The peak at 2200-2000 cm " is a characteristic of
CO and is derived from the cracking of lignocellulosic com-
ponents via decarboxylation, which disappears in tempera-
tures above 700 K [3]. The bands at 1000-1300 cm ! are
attributed to oxygen functional groups (H3;C—OH and H;C—

O-CH3;), which decompose mainly into CO, by reformation
or cracking at temperatures above 600 K. The bands in the
range of 3100-2700 cm ' can be associated with different
organic compounds, including hydrocarbons (alkanes: H;C—
CHj3;) and different oxygenated compounds (alcohols: H;C—
OH and ethers: H;C—O—CHj3), which are formed during the
devolatilization of the cocoa shell mainly between 400 and
600 K. In this band region, the presence of alkanes is resulting
from symmetrical and asymmetrical CH stretching bands of
the aliphatic CH; and CH, groups. The peak at the range of
1600-1800 cm ™' is characterized by C=O stretching vibra-
tions of the carboxylic acid or carbonyl compounds, corre-
sponding to functional groups of aldehydes, ketones, and es-
ters, which occur principally between 400 and 600 K. The
bands between 3140 and 2700 cm ™' are characteristic of
CH,, which is released from the lignin by pyrolytic cracking
of aromatic compounds at temperatures above 600 K [17].
Figure 6¢ showed that the concentrations of evolved volatile
products follow the order: CO, > aldehyde/ketones/esters >
ether > H,O > alcohol > CO > CHy, when it is considered a
linear relationship between absorbance intensity and
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concentration. These volatile species are typical in the pyrol-
ysis of lignocellulosic biomass [3, 17, 55].

3.5 Thermodynamic implications

The thermodynamic parameters of the thermochemical con-
version of biomass give valuable information regarding its
feasibility and energy requirements. For practical purposes,
the thermodynamic parameters can be used as valuable inputs
in prediction models of resulting gaseous emissions from bio-
mass thermochemical conversion [56]. Thermodynamic pa-
rameters evaluation can also support the definition of operat-
ing conditions. Tahir et al. [57] reported that an energetically
favorable pyrolytic conversion of canola residue biomass to
biofuel is expected for low temperatures (< 450 °C), taking
into account the kinetic and thermodynamic findings. The
values of E, obtained using Vyazovkin method were
employed to derive the thermodynamics parameters of the
lignocellulosic pseudo-components. Table 2 shows the ther-
modynamic parameters as a function of the degree of conver-
sion for each pseudo-component.

@ Springer

The AH value is an estimate of the energy consumed by
pyrolysis to convert the cocoa shell into bioenergy products.
According to Daugaard and Brown [58], the reactor sizing and
design of an efficient system depend on heat transfer issues
and energy required by the biomass during pyrolysis. Table 2
shows positive AH values (100.64 = 0.10 kJ mol ! for P-ET,
148.12+0.14 kI mol ™' for P-HC1, 134.93 +0.09 kJ mol " for
P-HC2, 139.98 + 0.08 kJ mol ' for P-CL, and 196.10 +
0.47 kJ mol ™! for P-LG) that indicates an endothermic nature
for all pseudo-components. The comparison between the ther-
modynamic parameters for the five pseudo-components in
cocoa shell pyrolysis and literature values for the pyrolysis
of different kinds of biomasses is previously shown in
Table 3. As noted in Table 3, the AH values for cocoa shell
waste are in good agreement with other lignocellulosic bio-
mass such as pine-fruit shell, rice straw, rice bran, and castor
residue [3, 41, 42], which implies that the pyrolytic conver-
sion of the cocoa shell can be competitive with these lignocel-
lulosic feedstocks. In addition, the difference between AH and
E, is referred to as “potential energy barrier,” where the values
found were below 5.50 kJ mol ™" for all pseudo-components.
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This value indicates a feasible reaction to produce bioenergy
from the cocoa shell pyrolysis since small additional energy is
required to achieve product generation [15].

The AG value represents the available bioenergy recovered
from the pyrolysis of the cocoa shell. The positive value of
AG for all pseudo-components varied from 134.95 to
176.54 kJ mol !, with results comparable with related litera-
ture (see Table 3) [3, 41, 42]. The signals of thermodynamics
functions validated the devolatilization of the cocoa shell as a
non-spontaneous process; thus, the process requires a signifi-
cant amount of energy to convert the cocoa shell into
bioenergy products.

Negative values of AS demonstrate that pseudo-
components P-ET (— 72.70 £ 0.21 J mol K"), P-HC2 (-
39.51 £0.16 T mol K", and P-CL (— 57.59 + 0.13 J mol’
K ™) are close to their thermodynamic equilibrium, i.e., pres-
ent higher thermodynamic stability. Therefore, the level of
disorder of products by the volatile release was lower than
that of the initial reactants, requiring more time to achieve
the activated complex [16]. In contrast, the positive AS value
indicates a high reactivity in the pseudo-components P-HC1
(9.60 = 0.27 J mol ' K'') and P-LG (30.69 + 0.75 J mol '
Kﬁl), which consume less time to form the activated complex
from volatiles release and molecular rearrangement. AS
values for pseudo-components are fluctuating between posi-
tive and negative signals during the pyrolysis for the cocoa
shell, which can indicate a complex reaction to produce
bioenergy. This is a typical behavior for the pyrolysis of lig-
nocellulosic biomass [5, 42]. Thermodynamic properties sug-
gested that the cocoa shell waste is an interesting candidate for
bioenergy conversion through pyrolysis.

4 Conclusions

In this study, the cocoa shell was presented as a new renew-
able feedstock for pyrolysis due to its abundance and physi-
cochemical characteristics. It was demonstrated that the cocoa
shell is a renewable source for bioenergy production poten-
tially exploitable due to the values of HHV (17.21 MJ kg ™),
high bulk density (581.25 kg m ), and low contents of ash
(6.79 wt%) and sulfur (0.01 wt%), which can compete with
conventional bioenergy feedstocks. The nonisothermal
thermogravimetry, coupled to the evolved gas analysis, pro-
vided insights on the cocoa shell pyrolysis, where it demon-
strated a multistep conversion process. The reliable descrip-
tion of the entire conversion process of the cocoa shell in the
form of kinetic triplet and thermodynamic parameters is of
great importance to design an effective reactor; for this,
isoconversional kinetic evaluation combined with a symmet-
rical deconvolution analysis was successfully adopted to de-
scribe the multistep kinetics with low discrepancies.

Regarding the estimation of the pre-exponential factor, the
compensation effect method (ranging from 2.56 x 10'" min™"
to 8.66 x 10'® min") and Kissinger’s expression (ranging from
2.74x 10" min "' t02.26 x 10'° min"") provided different values
of A, and experimental curves critically compared these data. It
was noted that Kissinger’s method, when used for the estimation
of A values, does not reproduce the experimental behavior, which
can be associated with several limitations, as the assumption of a
first-order reaction. This finding is in a reasonable agreement
with ICTAC Kinetics Committee recommendations and
ASTM E698-18. On the other hand, the compensation effect
method can deal with multistep kinetics, which implies multiple
kinetic triplets, as indicated by the excellent agreement between
experimental curves and reconstructed curves using the
isoconversional kinetic evaluation combined with the symmetri-
cal deconvolution analysis (R* > 0.9446).
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