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ABSTRACT:This work investigated the torrefaction process for waste-to-energy (WTE) ofCaryocar
brasiliense(pequi) seed. Torrefaction (mild pyrolysis) is a pretreatment process (220-300 °C) that improves raw
biomass’s chemical and physical properties. This investigation aims to understand the thermal degradation kinetics
through the torrefaction of pequi seeds with (PS) and without extractives (PSWE) residues. The torrefactionwas
conducted in a micro-TGA at220-260 °C; 7° C.min* heating rate; and 60 min of holding time) was performed for PS
and PSWE, characterizing their thermal behavior and providing data for the kinetic modeling. The higher extractive
content of 40.73%resulted in a higher mass loss for PS, with solid yields of 78.30, 75.48 and 66.47%, while PSWE
presented solid yields of 86.26, 77.79, and 66.71% considering 220, 240, and 260 °C treatments, respectively. The
two-step reaction kinetics was applied and reported accurate results showing a suitable tool to predict the torrefaction
kinetic (R* > 0.99 for all predicted curves) of fruit seed with and without extractives. The results indicate that Light
and Mild torrefaction are more influenced by extractive content on the raw biomass, with decomposition rate and
final solid yield affected. Meanwhile, higher torrefaction severities showed that the decomposition rate is still
superior for feedstock with extractives (PS), but the final solid yield is no more affected.
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INTRODUCTION [10-19]. In addition, previous work assessed the

The global environmental agenda has been focused
on waste reduction, sustainable cities and recycling, and
the recovery of valuable materials, primarily driven by
strict disposal regulations, resource deficiencies, the
adverse effects of global warming, and the significant
increase in per capita waste production [1].

Thermochemical processes are increasingly being
explored as Organic Waste-to-Energy  (OWIE)
technologies for converting solid organic wastes into
valuable biofuels [2-5]. Among these processes,
torrefaction is a promising technology that can overcome
the inherent challenges associated with biomass.

Torrefaction is a mild-pyrolysis treatment conducted
at 200 to 300°C under an inert or oxygen-lean
atmosphereto enhance biomass properties, such as higher
energy density[6]. These desirable characteristics of
torrefied biomass can significantly improve the efficiency
of energy systems, reduce the cost of transportation, and
optimize the management of residue valorization[7,8].
The torrefaction process has the potential to play a
critical role in the development of sustainable and
efficient energy systems for managing organic waste,
thereby contributing to the circular economy and
addressing the challenges associated with climate
change[9].

The intricate morphological structure of Caryocar
brasiliense (pequi fruit), characterized by numerous
thorns and low grindability, makes it challenging to
process and renders most pequi seeds (PS) as agro-
industrial waste, causing significant environmental
concerns that demand sustainable waste management
alternatives[2]. Therefore, PS presents a promising
feedstock for WTE.

Literature onpequi biomass mainly addressed its
nutritional, pharmaceutical, and biodiesel applications
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valorization pathway of waste-to-energy (WTE) via
pyrolysis, gasification, and transesterification of
Caryocarbrasiliense seeds to produce biochar, syngas,
and biodiesel [3]. Different operating conditions were
evaluated for the pyrolysis and gasification valuation
routes of pequi seeds (PS), pequi seeds without
extractives (PSWE), and their extractives, seeking the
best combination and upgraded products. Exciting results

were  obtained for  biodiesel production via
transesterification  after  extractive removal [3].
Additionally, solid biofuel with enhanced energy

properties was reported for PSWE compared to PS.

It was noted in the literature review that no studies
had been conducted on the torrefaction treatment
evaluating the thermal behavior and the influence of
extractive removal on the degradation kinetics of PS and
PSWE. Therefore, this work aims to further the previous
investigation[2] by introducing the torrefaction route.

One of the methods used to investigate the kinetic
mechanisms of biomass torrefaction is thermogravimetric
analysis (TGA), which provides information on the
thermal degradation behavior and the degradation rate.
Furthermore, TGA is suitable as input data for modeling.

Determining torrefaction kinetics is essential for
predicting the properties of biochar and designing
reactors. The two-step kinetic model, first proposed by
[20] and later explored[6,21-28], is reliable for accessing
and predicting the thermal behavior of various biomass
sources. In this context, the present work uses the two-
step kinetic model to evaluate the influence of extractive
removal on the torrefaction kinetics of pequi agro-
extractive residues. Thus, it provides new insights into
the valuation route of pequi residue. The results will
assist in the development of small agro-food industries
and reduce agro-residues’ environmental impactson
urban resource circularity.
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2 MATERIAL AND METHODS

2.1 Feedstock

The feedstock applied in this study was the PS and
PSWE residues. Feedstock preparation is illustrated in
Fig. 1.

D)

Extractives

Figure 1:Feedstock preparation. Sankey diagram of mass
percentual for pequi seed (PS) and pequi seed without
extractives (PSWE).

The pequi fruit was sourced from the agro-industrial
zone, composed of family farmers of the savanna biome
(Emporium of Cerrado) in Goias, central Brazil. The
pequi fruit processing involves the removal of the
pyrenes (pulp and seed) from the fibrous exocarp. The
resulting endocarp, PS, can be separated after consuming
the yellow edible pulp. In this study, PS was collected
following proper pulp extraction and subjected to solvent
extraction using ethanol in a Soxhlet system to obtain
PSWE following the TAPPI Standards & Methods (T
204 om-88) with some modifications[2].

Table I: The proximate, lignocellulosic, ultimate, and
calorific analysis for PS and PSWE raw material [2].

Feedstock[2] PS PSWE
Proximate analysis (wt.%b)

Ash 1.20 0.21
Fixed carbon 12.98 20.22
Volatile Matter 85.82 79.59
Moisture 25.32 0.00
Ultimate analysis (wt.%)

C 55.09 50.07
H 8.11 7.82
N 1.29 1.21
o’ 3430 3883
Lignocellulosic analysis (wt%o)

Holocellulose 60.65 68.18
Lignin 36.99 31.60
Extractives 40.73 0.00
Calorific analysis

HHV (MIkg™h © 22.69 21.06

2 Dry basis, ? by difference O =100 — (C + H + N + ash), © calculated higher heating
value[6].

Samples of 10 g of PS were subjected to solvent
extraction for 24 hours, with the solvent being replaced
every 6 hours[2]. The extractives were calculated by
subtracting the weight of PSWE from that of PS[2].
Finally, PS and PSWE were oven-dried at 105 °C for
24hoursand ground in a mill with an 80-100 mesh size
for further characterization[2].Table | presents the
characterization of raw feedstock provided by previous
literature [2].

2.2 TGA apparatus and torrefaction procedure

The SDT Q600 TA thermogravimetric analyzer was
applied to conduct PS and PSWE thermal degradation.
The system comprises a gas control system (nitrogen
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steel cylinder, a rotameter, N, flow of 50 mL min’l), a
reaction unit, and a computer for system control and data
collection and processing. Torrefaction was conducted in
duplicate for temperatures of 220, 240, and 260 °C, with
a holding time of 80 min and a heating rate of 7 °C min~
! The thermal degradation of the samples (5 mg, in
alumina crucibles) was evaluated. The solid yield (Sy)
over time was determined with Eq. (1)[21,28-30],
providing the instantaneous mass variation (TGA).

1
s = ——=x100 W

m;(t)

0
Here, m; is the solid mass during torrefaction, t is the
residence time, myis the dried mass before torrefaction,
and T the experiment temperature.

2.3 Kinetic modeling

The two-step kinetic model, firstly proposed by [20]
and further optimized by [21,22], was applied to obtain
Kinetic reaction rates (solid (kg, k¢) and volatile (ky,,
ky,)) and to predict the thermal degradation behavior.
The model uses a first-order mechanism composed by a
two-step consecutive reactions and four reaction rates
constants k; (mint, i=B,C,V;,V,) defined by the
Arrhenius law [26]. In this approach, the torrefaction
products are lumped into five pseudo-components: solid
(feedstock A, intermediate solid B and residue C) and
volatiles V; and V,[20]. The total volatile is described by
the sum of V; and V,. Meanwhile, the total solid yield is
expressed by the sum of masses of 4, B, and C[20]. The
model was applied by fitting numerical profiles to the
experimental solid yield S&T)(t) (obtained with TG
equipment) using a fmincon minimization function in
Matlab® [26]. Detailed model can be accessed in
previous publications [6,21-28].

3 RESULTS

3.1 Torrefaction

Figure 2shows the TG curves of torrefaction
treatments for PS and PSWE, highlighting the
degradation behavior and solid yield differences.
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Figure 2: (a) TG curves of PS and PSWE for 220, 240,
and 260 °C torrefaction. (b) Final Sy differences for PS
and PSWE.
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The PS comprises the components of holocellulose,
lignin, and extractives (vegetal fat)[2].The extractive
compounds typically have lower molecular weights than
the lignocellulosic components, making them more
susceptible to thermal decomposition at lower
temperatures[2]. As shown in Fig. 2(a), PS presented an
earlier and pronounced mass loss for 220 and 240 °C
compared to PSWE. The 260 °C treatment depicted a
distinct and note behavior, where the decomposition rate
of PS was faster than PSWE, but the final solid yield was
nearly the same. The higher extractive content of 40.73%
(Table 1) resulted in a higher mass loss for PS, resulting
in anSy of 78.30, 75.48, and 66.47%, while PSWE
presented Sy of 86.26, 77.79, and66.71% considering
220, 240, and 260 °C treatments,
respectively.Figure 2(b)elucidates this behavior showing
a decrease in the final Sy with increasing torrefaction
temperature. The differences of final Sy when comparing
PSWE and PS were 7.96, 2.31, and 0.06% for 220, 240,
and 260 °C, respectively.

3.2 Torrefaction kinetics

Figures3 and 4 show the simulation results,
displaying the experimental (dotted) versus numerically
predicted curves (a)and the solid (b)and volatile
(c)pseudo-components  evolution during torrefaction

treatment.
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Figure 3: (a) Ex'berin{é\ntal ‘and Hhmef‘incally predicted
curves. The solid (b) and volatile (c) pseudocomponents
evolve in time during torrefaction treatments of PS.
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In addition, the Arrhenius plot of the Kinetic rates
obtained with predicted activation energies, pre-
exponential factorsand curve fit (Table Il) is shown in
Fig. 5, allowing a better interpretation of the competition
rate between the occurring first (k; and ky,) and second
(k2 and ky, ) step reactions.

The fitting between the predicted curves and the
experimental data (Figs. 3(a)and 4(a))validates the
accuracy of two-step reaction modelingin predicting PS
and PSWE thermal behavior during
torrefaction.Furthermore, the numerical prediction (curve
fit) resulted in an R?of 0.9918, 0.9969, and 0.9980 for PS
and 0.9913, 0.9976, and 0.9999 for PSWE, considering
220, 240, and 260 °C, respectively, showing, for
instance,that the two-step reaction model is a reliable tool
todescribe the influence of extractive on the torrefaction
kinetics.

The first step is mainly attributed to low molecular
weight volatiles and moisture resulting essentially from
hemicellulose thermal degradation. In parallel, the second
step reaction is ascribed mainly to cellulose, the
remaining hemicelluloses, and part of lignin degradation
[31].
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Figure 4: (a) Experimental and numerically predicted
curves. The solid (b) and volatile (c) pseudo-components
evolve in time during torrefaction treatments of PSWE.
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As can be seen in Fig. 5, the ranking order shows a
faster first-step reaction (k; and ky,) compared to the
second-step (k, and ky,) for PS and PSWE, therefore
presentingk; > ky, > k, > ky, for the torrefaction range
between 220-260 °C. The resulting order of PS and
PSWE Kkinetic rates can be interpreted by astronger
thermal cracking reaction and consequential greater
releasing of volatiles. This behavior is not typical for
wood biomass, which presentsk, > ky, for lower
torrefaction temperatures (200-230 °C), and when
torrefaction severity increases, the ky, becomes more
important than k,[22].
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Figure 5:  Arrhenius plot:
competition.
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A previous study evaluated the five fast-growth
biomass plantations of Costa Rica concerning thermal
degradation characteristics and devolatilization rate
(Drate) Using thermogravimetric analysis (TGA) [34]. The
investigation established relationships between TGA
parameters and D, With the contents of cellulose, lignin
and extractives [34]. Furthermore, their results showed
that a greater extractive content on biomass decreased the
degradation temperatures of the different biomass
components (hemicelluloses and cellulose) [34]. The
previous statements align with the present investigation,
where PS startedits decompositions earlier and presented
faster Dy and pronounced mass loss (Figs. 3(a)
and 4(a)). This behavior might be related to extractives
presenting lower degradation temperatures than
hemicellulose and cellulose [35]which,mixed, promoted
thermal decomposition in earlier stages (temperatures and
time) throughout torrefaction treatment.

Mészaros et al. [36] note that, during
Robiniapseudoacacia(black locust) degradation, the
devolatilization of extractives (mixed with the polymers
in the wood) happens at two temperature ranges. The first
occurs between 150-250 °C and is related to low
molecular weight, while the second (between 250—
550 °C) is linked to higher molecular weight [42].

As shown in Fig. 5, the first-step reaction (k; and
ky,), mainly associated with hemicellulose degradation,
presented faster reaction rates for PS than PSWE. The
faster behavior of D,y during the first-step reaction step
can also be accessed by Figs. 3(b)(c) and Figs. 4(b)(c).
The figures show a faster decomposition of pseudo-
component A (before 20 min treatment) with a
consequent fast formation of V; for PS compared to
PSWE. Another critical point is the extent of V;, which
was higher and nearly the same for the three torrefaction
severities, considering PS torrefaction. Meanwhile, for
PSWE, the release ofV;and its final extent% obeyed the
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torrefaction severity, with faster D, and extent as severe
the treatment. This faster Dy On the first-step reaction
might be attributed to extractives related to the first
devolatilization stage (150-250 °C)  before the
devolatilization of hemicellulose occurs [34,36]. Those
extractives generally correspond to the ones determined
in hot or cold water (ASTM D-1110-84) [34].

The past investigation[34] also reported that the
D,.0f cellulose was more affected by the extractives
content than was D,40f hemicellulose, indicating a
higher degree of association of extractives with cellulose
than hemicellulose. Regarding the second-step reaction of
220 and 240 °C torrefactions, k, and ky, are faster for
PSWE than PS, not highlighting the association of
extractive with cellulose for those treatments.
Nevertheless, considering 260 °C, the association is
evident, with PS presenting a faster k, reaction rate
(Fig. 5). The association is also evident when evaluating
the faster decomposition of B pseudo-component on
Fig. 3(b). Therefore, in line with [36], which showed an
association of the extractives relates to the second stage
(250 to 550 °C)with wood cellulose compound. Those
extractives generally correspond tothe onesdetermined in
hot water(ASTM D-1110-84) and NaOH (ASTM D-
1109-84 ) [34].

The results could indicate, for instance, that Light and
Mild torrefaction are more influenced by extractive
content (association of extractive and hemicelluloses) on
the raw biomass, affecting their decomposition rate and
final solid yield. However, as torrefaction severity
increases,the decomposition rate is still superior (due to
the second stage of extractive release related to cellulose
and extractive association) for feedstock with extractives
(PS), but the final solid yield is no more affected.

Table 11: Kinetic parameters (activation energy and pre-
exponential factor) and curve fit quality (R?).

Reaction Constant E,i A,
PS

A>B ky 3.33E+04  4.98E+02
A>TV ky, 131E+05 1.56E+12
B—oC k, 4.93E+04  1.62E+03
B>V, ky, 1.02E+05  7.69E+07
ﬁt““’e 220 °C 240 °C 260 °C
R2 0.9918 0.9969 0.9980
PSWE

A>B ky 1.09E+05  6.49E+10
A>T ky, 9.55E+04  5.14E+08
BC k, 155E+05  4.67E+13
BoV, ky 1.67E+05 1.71E+14
f(;’t“"’e 220 °C 240 °C 260 °C
R2 0.9913 0.9976 0.9999

E,i: Activation energy (J.mol ™)
A, i pre-exponential factors (min™)
i =12V,and V,

4 CONCLUSIONS AND FUTURE DIRECTIONS

The present work evaluated the influence of
extractive pequi seeds on torrefaction kinetics and final
solid yield. The two-step reaction kinetics was applied
and reported accurate results showing a suitable tool to
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predict the torrefaction kinetic of fruit seed with and
without extractives. The results indicate that Light and
Mild torrefaction are more influenced by extractive
content on the raw biomass, with decomposition rate and
final solid yield affected. Meanwhile, higher torrefaction
severities showed that the decomposition rate is still
superior for feedstock with extractives (PS), but the final
solid yield is no more affected. Such insight might
promote research on biomass residues and is an asset for

further

research in other thermochemical valuation

routes, such as gasification.
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