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Abstract

Biomass is considering a source of organic carbon, which can replace fossil resources by using pyrolysis process, therefore
an efficient biomass thermal modification technology has been target of so much research. The objective of this work is
to study the potential energy of sugarcane bagasse and thermochemically modified bagasse for bioenergy potential for
use in heat generation and energy. The thermal analysis was conducted by powder-shaped exposure of the three study
samples (SB, AC-1, and AC-2) at three heating rates of (5, 7.5 and 10 °C min™"), it was possible to identify three stages of
thermal degradation and study some thermochemical reactions, using two iso-conversional models, Kissinger-Akahira-
Sunose (KAS) and Ozawa-Flynn-Wall (OFW) to calculate some kinetic parameters, such as activation energy (E,) and
pre-exponential factor (A). First step was about the devolatilization of volatile matter, moisture, and other substances.
Degradation of hemicellulose, cellulose and lignin were shown in a second step. Characterization analyzes, such as SEM-
EDX and textural parameters of the samples, show the presence of carbon in samples SB and AC-1. Due to SEM analyzes,
morphological differences between the samples are showing as AC-1 and AC-2 samples present a rougher shape with
pores, on the other hand, SB sample show a fibrous shape. In conclusion, sugarcane bagasse and thermochemically
modified bagasse, show very promising results, for future studies, such as for bioenergy potential.
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1 Introduction

Thermochemically modified biomasses a carbonaceous
material of porous structure that presents in its chemical
composition some heteroatom, such as oxygen bound to
carbon atoms. It is characterized by having a high surface
area, claiming the ability to adsorb molecules and gases,
in addition to the high functional groups on the surface,
responsible for the high degree of reactivity [1, 2]. Various
types of materials can be used as precursors of thermo-
chemically modified biomass. These precursors are gen-
erally carbonaceous materials, carbon residues, biomass
(lignocellulosic), biomass residue and polymers [3]. Bio-
mass can be known as a group of organic material that

can be converted into energy, with a great potential as a
source of renewable energy. In this context, the biomass
used was sugarcane bagasse, in which Brazil is the largest
producer in the world [4].

According to data from the Ministry of Agriculture, Live-
stock and Supply of the Brazilian Government, the harvest
2018/2019 was about 643 million tons [5, 6], the bagasse
generated from sugarcane milling is approximately 280 kg
of bagasse per ton of sugarcane. These quantities show the
importance of studying the bioenergy potential of sug-
arcane bagasse residues [7]. For lignocellulosic materials,
such as sugar cane bagasse, there are some components:
water (moisture) around 50%, cellulose ranging from 25
to 40%, hemicelluloses from 25 to 35%, and lignin with
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approximately 30% of the composition [5]. Precursor
materials for production of thermochemically modified
biomass, it is important to highlight the activating agent,
if chemical impregnation is chosen, as is the case of this
work. The activation step can understand the physical and
chemical modification. Physical process modification can
be performed in two consecutive stages: pyrolysis of the
precursor material at high temperatures (above 300 °C) in
inert atmosphere and thermal modification, at the same
temperature or at temperatures higher than pyrolysis, in
the presence of an oxidizing gas such as water vapor, car-
bon dioxide or both [8, 9]. These gases promote the oxi-
dation of carbonaceous material inside the particles, pro-
moting the clearance of existing pores, and consequently
developing its porous structure [10]. On the other hand,
in chemical modification, the material to be activated
must be impregnated with chemical substances such
as phosphoric acid, potassium hydroxide, zinc chloride,
among others, before or after pyrolysis. Potassium hydrox-
ide (KOH) was adopted because it is one of the chemical
agents most used in this type of modification [11]. Tradi-
tionally, modified biomass and carbons are used in ther-
mal and energy applications, through processes such as
pyrolysis, which can be made in an inert atmosphere. Con-
version of biomass into energy depends on some factors,
such as the nature of biomass, pyrolysis factors, such as
heating rate, pressure involved, resistance level, and inert
atmosphere [12, 13].

According to Shen et al. [14], observed the thermal
decomposition of biomass by thermogravimetry has been
extensively used to investigate the combustion/pyrolysis
properties of solid fuels, together with the thermogravimet-
ric derivative, as they are complementary techniques. Com-
bustion and biomass pyrolysis are part of direct routes to
derive energy from lignocellulosic materials. There are tools
to help to decide whether the pyrolysis can maintain self-
energy balance, one of these tools are reaction heats with
temperatures during biomass pyrolysis and combustion [14].
Ounas et al. [15] studied the thermal degradation of sugar-
cane bagasse and olive residue, dividing kinetic parameters
by steps, in the main lignocellulosic components, such as
hemicellulose and cellulose. They found an activation energy
for hemicellulose in the range between 168-180 kJ mol™
and 153-162 kJ mol™; and for cellulose, this range ranged
between 168-180 kJ mol™" and 153-162 kJ mol™", for sugar-
cane bagasse and olive residue, respectively. Rueda-Ordériez
and Tannous [16] showed the thermal decomposition of
sugarcane straw, using iso-conversional models. Maia et al.
[17] studied experimental investigation of the delignification
process influence on thermochemical and kinetic proper-
ties of Capsicum waste, they found an activation energy for
waste biomass in the range between 61-193 kJ mol™' and
72-201 kJ mol™! for Kissinger-Akahira-Sunose (KAS) and
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Ozawa-Flynn-Wall (OFW) methods, respectively. Three dif-
ferent heating rates of (5, 7.5 and 10 °C min~") were used
in this work for the kinetic study to obtain the activation
energy and pre-exponential factor considering two isocon-
versional methods (KAS and OFW) [17].

Experimental characterization analyzes such as scan-
ning electron microscopy (SEM) and textural parameters
of porosity were performed to give full support and sci-
entific knowledge. For these reasons, the objective of this
work was to investigate the thermal behavior and to study
the kinetic parameters of sugarcane bagasse, and thermo-
chemically modified biomass for bioenergy potential.

The focus of this work was to prepare biochar using a
process of thermochemical modification of biomass resi-
dues that were doped with KOH. The sugarcane bagasse
chemically doped was taken to a muffle with controlled
temperature and inert atmosphere so that a pyrolysis
process could be carried out. Two biochar were prepared,
AC-1 and AC-2, these two products presented important
morphological characteristics and kinetic parameters,
when their application in heat generation and bioenergy
is aimed.

2 Materials and methods
2.1 Sample preparation

Sugarcane bagasse waste were washed with water after
this the samples were dried in an oven (Solab-SL-100/42)
at 105 °C until constant weight [18]. After reaching con-
stant weight, the samples were ground in a knife mill
(MA048-Marconi) and Solotest sieves (NBR # 48-300 um).

2.2 Biochar production

In an analytical balance, about 0.6 g of dry biomass (SB)
were weighed [19]. The samples were arranged in porce-
lain crucibles with partially open lid in inert atmosphere,
to exit the most volatile and pyrophoric materials in a
ceramic furnace (muffle). Pyrolysis temperature was 350 °C
at a heating rate of 10 °C min~". Because higher tempera-
tures, ash formation was observed. After the pyrolysis pro-
cess, the biochar was cooled in a desiccator and packed in
previously sanitized and closed bags and later processed
as thermochemically modified bagasse. Figure 1 showed
the route of preparation of the biochar samples.

2.3 Production of thermochemically modified
bagasse

Methodology used in the steps of chemical impregna-
tion and action under temperature were based on the
studies by Correia et al. [20], however, adaptations were
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Crushed biomass (SB)

Fig. 1 Route of preparation of the biochar samples

made for the biomass under study in this work. A bio-
char sample (AC-1) was produced, which was chemically
modified by KOH impregnation (85%—Synth) in aque-
ous solution with ratio of 2 wt% [21, 22]. Chemical agent
KOH was chosen due to its high employability in the pro-
duction thermochemically modified bagasse [23, 24].

Thermochemically modified bagasse initially went
through the impregnation process with KOH, then was
stirred (Micropr, Q225M) for 30 min, then was vacuum
filtered (Tecnal), to be drying at 105 °C. After this process,
the doped and dry thermochemically modified bagasse
was taken to a muffle furnace for heat treatment at
450 °C, adopting the same procedures and conditions of
the pyrolysis previously performed. After pyrolysis test,
the sample was washed in distilled water at 60-70 °C to
clean the area surface, and pore clearance, and then be
cooled to room temperature.

Biochar

Crushed
biomass

Activation

Fig.2 Scheme of preparation of activated carbon

Biochar

Pyrolysis

Subsequently, the pH of the sample was neutralized
using a solution of HCl 0.5 M. Finally, the sample was vac-
uum filtered and carried to the oven for drying at 105 °C.
After all the procedures, the samples were collected and
stored in properly sealed plastic bags. Another thermo-
chemically modified bagasse sample was produced (AC-2)
by impregnating KOH (2 wt%) directly into biomass SB,
and pyrolysis was taken at 350 °C and then washed and its
pH corrected, finally, to drying at 105 °C for 24 h.

Figure 2 show the procedures performed, totaling three
study samples (SB, AC-1, AC-2).

2.4 TG analyses

Study samples were characterized in thermogravimetric
(TG) and thermogravimetric differential (DTG) terms in a
thermogravimetric analyzer (simultaneous TGA-DSC, TA
Instruments SDT Q600), with a heating rates of 5, 7.5 and
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10 °C min~', and temperature from 25 to 700 °C, under
nitrogen atmosphere (100 mL min~"). For each analysis,
about 1.5 mg of each sample was put in platinum cruci-
bles. TA Instruments software provided the TG and DTG
curves. For this study, only the rate of 5 °C min~" was dis-
cussed, because it was the reason with the highest degree
of detail.

2.5 Kinetic models

Isoconversional methodology in non-isothermal experi-
ments is recommended from International Confedera-
tion for Thermal Analysis and Calorimetry—ICTAC kinet-
ics committee and it was applied to this work to calculate
the activation energy (E,) and the pre-exponential factor
(A) [25]. Activation energy was calculated using non-iso-
thermal TG/DTG curves at three different heating rates
of 5, 7.5 and 10 °C min~', calculated according to the
Ozawa-Flynn-Wall (OFW) and Kissinger-Akahira-Sunose
(KAS) models.

2.5.1 Ozawa-Flynn-Wall

For the calculation of thermodynamic parameters, the
OFW model was used, in which it is one of the most
claimed models for this calculation, besides being one of
the most accepted in the literature [25, 26]. Equation (1)
was applied, based on the TG and DTG curves of the sam-
ples [25, 27].

Ea
In(ﬁ)—Ca—(ﬁ> (1)

B is the heating rate (°C min™", C, is a function of
the degree of conversion a, R is the constant of gases
(8.31JK™ ' mol™") and T and the absolute temperature (K)
that designates the heating rate and the mass conver-
sion is calculated plotting a graph of In(8) versus 1/T, with
known C,. Three different values for heating rate () were
considered and the same values of degree of conversion
(a) and absolute temperatures (T).

2.5.2 Kissinger—Akahira—-Sunose

Mathematical model KAS was adopted because it com-
prises a model that is considered one of the best iso-con-
versional methods [25, 28]. It was applied considering Eq. 2
[25, 29].

In 2 =In Afa ) _ (E_a) (2)
T2 g(@)R RT
E, and A are respectively, activation energy (KJ mol™)

and exponential pre factor (s') at a certain degree of
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conversion (a). An In (B/TZ) versus 1/T graph allows the
calculation of the activation energy by the slope of the
straight line (—E,/R).

2.6 Thermodynamic parameters

Thermodynamic parameter studied was the pre-exponen-

tial factor (A), which was calculated according to Eq. 3 [27,
29].

Ea
A = p.Ea.exp <R;T2mm) (3)

Ty, is the temperature of the maximum peak of DTG (K).

2.7 Textural parameters

Textural parameters (BET surface area, micropore vol-
ume, pore volume and pore diameter) were obtained by
a porosimeter (Micromeritics—ASAP 2020), calculated
from N, adsorption, interfaced to a microcomputer. Sur-
face areas and micropore volumes were calculated from
the Brunauer-Emmett-Teller (BET) and t-plot method,
respectively. The total pore volumes were calculated from
the adsorbed amount of N, at P/P, and average pore size
was calculated with the BET method.

A sample of approximately 0.25 g of the study mate-
rial was used. Weighted in analytical balance, which was
heated to 300 °C and vacuum degassed to lose moisture
and other contaminants, and then analyzes were made.

2.8 Scanning electron microscopy (SEM) and energy
dispersive X-ray spectroscopy (EDX) analysis.

The samples were analyzed using a scanning electron
microscope and energy dispersive spectroscopy (SEM,
JEOL-JSM-6010LA). The powder samples were metallized
(Denton Vacuum V Metallizer) for electrical conduction. In
addition, they were placed on a carbon tape and observed
under a potential difference in range of 0 to 5 keV and
increases of 500 and 1000x. For EDX analysis, the In-Touch
Scope equipment was used, coupled to the same scanning
electron microscope used.

3 Results and discussion

3.1 Thermal analysis

Thermal decomposition behavior was studied using a ther-
mogravimetric technique at the heating rates of 5, 7.5 and

10°C min~"in an inert atmosphere (N,, flow 100 mL min™")
within the temperature range of ambient (30 °C) to 700 °C.
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Different heating ratios were used to demonstrate the dif-
ferent behaviors that can be observed in the TG and DTG
curves, only the thermogravimetric curves of the samples
at 5 °C min~" were discussed, because this rate is the one
that presented a higher degree of detail for thermal analy-
sis. However, for kinetic studies, the others heating rates
were used. Figure 3 illustrates the TG-DTG curves of the
samples of SB, AC-1 and AC-2 in an inert atmosphere at
5°Cmin™".

When analyzing the TG-DTG curves of SB, it was
observed that it presented features of the burning pro-
cess of lignocellulosic components such as hemicellulose,
cellulose and lignin. It was also observed the decrease in
mass with the increase in temperature, and curves con-
sistent with those of dry sugarcane bagasse, according to
published studies [15, 30].

Percentage of residual mass in samples SB, AC-1 and
AC-2 was 26.82%; 66.26% and 65.63%, respectively.
According to Morais et al. [25], higher mass loss (lower
residual mass), higher the amount of volatile material
present, and the smaller the amount of ash formed, this
can be attributed to the presence of aromatic rings, mak-
ing the biomass more stable. High residual mass value for
samples AC-1 and AC-2 can be explained by the pyrolysis
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process to which the thermochemically modified bagasse
were previously submitted (AC-1) and later (AC-2), besides
the fact that the samples are impregnated by the inorganic
KOH.

TG-DTG curves allowed the identification of three steps
of biomasses degradation process. The first stage (Step
1) is related to devolatilization, loss of moisture, volatile
matter occurring at temperatures up to 130 °C [31]. The
second stage (Step 2) comprised the thermal degradation
of the lignocellulosic components, being much more evi-
dent in the SB sample, because it is the sample without
any previous heat treatment, compared to samples AC-1
and AC-2. In this phase, there are two mass losses, the first
between 130 and 380 °C, which probably corresponded
to the decomposition of hemicellulose, and most of the
volatile organics, elucidating an intense peak in the DTG
at 338 °C, representing the loss of 70% of the entire mass,
characterizing the high reactivity of the sample and the
second between 390 and 550 °C, which may correspond to
cellulose decomposition, small amount of lignin, hemicel-
lulose, carbohydrates, and biodegradable matter [15, 25].
This same process for samples AC-1 and AC-2 were evi-
denced in the range of 130-550 °C, probably attributed to
decomposition of organics, hemicellulose, and cellulose.
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Fig.3 TG/DTG curves of SB, AC-1 and AC-2 in an inert atmosphere and heating rate of 5 °C min™"
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Hameed et al. [32] observed for sugarcane bagasse two
reaction zones of thermal degradation (Zone I: 200-400 °C
and Zone II: 400-600 °C). Other studies were described.
Naqvi et al. [33] obtained similar behavior for decomposi-
tion of sugarcane bagasse biomass, active pyrolysis started
after 200 °C, and concluded at 560 °C.

Kumar et al. [31] observed similar behavior for banana
trunk biomass. Kumar et al. [34] obtained similar behavior
for decomposition of rice husk biomass samples. In addi-
tion, acai pyrolysis was studied by Santos et al. [35] and
they found the same thermal behavior. This temperature
variation in the curves can be explained by the thermal
variation of the lignocellulosic components present. For
example, hemicellulose and cellulose decomposes at tem-
peratures in the range 200-450 °C, while lignin decom-
poses at temperatures in the range of 450-1000 °C [3, 36].
The third stage (Step 3) is responsible for ash formation,
carbonates, less volatile and inorganic matter at tempera-
tures above 550 °C.

3.2 Kinetic study

Through thermogravimetric analysis, it is possible to calcu-
late kinetic parameters, such as activation energy, E,, and
pre-exponential factor, A. For this, the iso-conversional
methods OFW and KAS were applied in the three study
samples in 5, 7.5 and 10 °C min~'. For the calculation of
the activation energy, the degrees of conversions (a) cho-
sen in range of 70-95%, because in this range there was
the higher loss of mass of the material except that for the
sample that underwent pyrolysis process (AC-1 and AC-2),
there was a great reduction in mass loss.

Figure 4 showed the conversion degree curves (a)
vs. temperature (K) at the heating rates of 5, 7.5 and
10 °C min~" in inert atmosphere. Through these results,
the degree of conversion and mass loss can be used to bet-
ter understand the thermal behavior of the study biomass
[4]. Activation energy can show the limit at which ther-
mal reactions start, so its calculation showed the energy
threshold that was overcome before the molecules reacted
and formed new compounds. The values found by the
OFW and KAS models for activation energy and exponen-
tial factor in inert atmosphere can be observed in Tables 1
and 2. In comparative terms of E, Fig. 5 shows a compari-
son of the OFW and KAS models in inert atmosphere.

Figures 6 and 7 shows the calculations of kinetic param-
eters of activation energy and pre-exponential factor
according to OFW and KAS models in inert atmosphere.
The kinetic results of the samples of activated carbons
were presented, because the SB sample presented R? with
low adjustment, distant values of 1. According to Tables 1
and 2 that the activation energy values for the AC-1 sam-
ple can vary from 7.16 to 73.82 kJ mol™' for the OFW model
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and from 4.90 to 68.41 kJ mol™" using the KAS model.
Finally, the activation energy of the AC-2 sample can vary
from 16.31 to 75.88 kJ mol™" for the OFW model and from
8.79 to 77.55 kJ mol™ for the KAS model, this variation
may indicate changes in reactivity as results of extensive
reactions and the complex nature of biomass [25]. In com-
parative, Fig. 5 showed that it was important to use more
than one iso-conversional model to calculate the activa-
tion energy and pre-exponential factor. The OFW and KAS
models showed a certain similarity for all samples. The
activation energy comprises the barrier necessary to initi-
ate thermochemical reactions, in this case, thermochemi-
cally modified bagasse sample AC-1 presented the lowest
E, value (4.90 kJ mol™), followed by the other sample of
thermochemically modified bagasse AC-2 (8.79 kJ mol™")
according to KAS, this means that they need a little energy
to initiate chemical reactions, this can be explained by the
fact that these samples are more reactive, because they
were samples of chemically activated carbons with KOH.
The E, values found for the AC-1 and AC-2 samples were
below the mean when compared to the biomass of sug-
arcane bagasse [15, 25]. Overall, low activation energies
(60-120 kJ mol™") may indicate that high values of acti-
vation energy are required to decompose lignocellulosic
biomass [25]. Ounas et al. [15] investigated pyrolysis in
sugarcane bagasse using the OFW method and found the
range of 168-180 kJ mol™' for activation energy related to
hemicellulose degradation, and 321-240 kJ mol~! for cel-
lulose degradation. In general, activation energies in the
range of 80-200 kJ mol™" may indicate the decomposition
of hemicellulose, 195-236 kJ mol™" represents the ther-
mal degradation range of cellulose, and 18-65 kJ mol™" for
lignin [25]. Morais et al. [25] found E, values for sugarcane
bagasse biomass that can vary from 11 to 88 kJ mol™' fol-
lowing the OFW method and 3-78 kJ mol™" for the KAS
model. Jayaraman et al. [37] studied pyrolysis and gasifica-
tion for energy recovery of sugarcane bagasse and found
activation energy values in the range 164-240 kJ mol™
using OFW and 163-243 kJ mol™' adopting the KAS model.
Hameed et al. [32] studied pyrolysis of sugarcane bagasse
and the highest E, value found was 89.27 kJ mol™". Pre-
exponential factor (AC-1) ranged from 4.02x 107" to
1.02x10° s™' for OFW and 6.56 x 10" to 2.16 x 10% s™' for
KAS were found. The AC-2 sample presented pre-expo-
nential factor can vary from 1.96 x 10° to 5.22 x 10* s™" for
OFW and 1.13x 10° to 4.09x 10° s™' for KAS. These low val-
ues of the pre-exponential factor (< 10%s7, may indicate
that the reactions occurred on the surface of the samples,
not suffering alterations and interferences of the surface
area, difficult to rupture, indicating a complex reaction, as
can be seen in most of the samples studied. On the other
hand, values ranging from 10*s™" to 10'® s™', as seen in
the OFW model for AC-1 and AC-2, may indicate first-order
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Fig.4 Pyrolysis temperature (K) and degree of conversion curves (a) for SB, AC-1, and AC-2
Table 1 Kinetic parameters AC-1 OFW KAS

for the OFW and KAS models
of the AC-1 sample in an inert

Conversion level

Activation energy

Pre-exponential fac-

Activation energy

Pre-exponen-

atmosphere (%) (kJ mol™) tor (s) (kJ mol™) tial factor (s™")
70 7.16 4.02E-01 4.90 1.48E+02
75 29.74 2.27E+00 18.51 1.68E+02
80 243 5.02E+00 14.11 1.64E+02
85 16.41 1.06E+00 7.71 1.09E+02
20 15.56 4.15E-01 9.24 6.56E+01
95 73.82 1.02E+06 68.41 2.16E+02

reactions. According to the values found for the pre-expo-
nential factor, Hameed et al. [32] obtained 4.03 10%s~" for
sugarcane bagasse pre-exponential factor with Jander

equation. Therefore, the results of the methods revealed
that the activation energy depends on the degree of con-
version, which were obtained through two iso-conversion
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Table 2 Kinetic parameters

AC-2
for the OFW and KAS models

OFW

KAS

of the AC-2 sample in an inert Conversion level

Activation energy

Pre-exponential fac-  Activation energy Pre-exponen-

atmosphere (%) (kJ mol™) tor (s7) (kJ mol™) tial factor (s™")
70 65.28 3.02E+03 77.55 3.633E+02
75 75.88 5.22E+04 87.32 4,091E+02
80 52.9 1.55E+03 63.51 2.973E+02
85 37.18 1.51E+02 46.73 2.187E+02
920 16.31 1.96E+00 24.22 1.133E+02
95 20.97 1.45E+02 26.64 1.246E+02
B g’;ﬁv 100 T RAS
70 4 s —e— OFW,|
90+
60+ < 80
g g, 704
g 50 4 ;
B ~ 60
5 E 50 -
§ 304 5 404
§ 204 § 304
B T 204
<, <
10
0 T T T T T T 0 T T T T T T
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Conversion Level (%)

Conversion Level (%)

Fig.5 Activation energy calculated considering the kinetic models of OFW and KAS in heating rates of 5, 7.5 and 10 °C min~" inert atmos-

phere of AC-1 (a) and AC-2 (b), respectively

models OFW and KAS, by which they provided different
values of activation energy. For this reason, the compari-
son of the results by two methods was of great help in the
validation of the data.

3.3 Textural parameters

Table 3 shows the results for the textural parameters of SB,
AC-1 and AC-2.

Specific surface area (BET) values can vary from 4.58
to 11.83 m? g, and the total pore volume can vary from
0.04 to 0.08 cm? g™'. Micropore volume for this case was
not very representative, being below 0.01 cm?® g™, Finally,
the pore diameter can vary from 25 to 57 nm. It was noted
that before chemical activation, the total pore volume in
the SB sample was low (0.04 cm® g™'). After the modifi-
cation performed with KOH, there was an increase in the
total pore volume in the samples AC-1 (0.07 cm®g™') and
AC-2(0.08 cm® g™"), a fact that allow to the intensified crea-
tion of pores, as they were evidenced in the SEM analyzes
[37]. There was also an increase in the BET surface area
in the thermochemically modified bagasse samples, this
increase is directly related to the temperature increase
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to which the samples were submitted, since the sample
AC-1 was under the temperature of 450 °C while the AC-2
was under 350 °C. In general, a high surface area and a
high volume of micropores are basic requirements for
the adsorption process, in combination with the attrac-
tive van der Waals forces and the affinity of functional
groups with the substance of interest [38, 39]. David and
Kopac [39] studied CO, adsorption on activated carbons
of a nutshell mixture, finding a value of specific surface
area BET and pore volume<1m? g~ and<0.01 cm®g~’,
respectively. In addition, Shafeeyan et al. [40], studied CO,
adsorption on activated carbon based on palm bark and
found a BET specific surface area value and pore volume
of 723m? g 'and 0.37 cm® g7, respectively. Alhassan et al.
[41] investigated the CO, adsorption on activated carbon
from sugarcane bagasse, obtaining a BET specific surface
area value and a pore volume of 563.8 m? g~', and 0.825
cm?® g7, respectively. The pore diameter (P,) allowed the
classification of the pores of the studied samples. Accord-
ing to IUPAC, the AC-1 sample (P4=25.48 nm) is classified
as mesoporous (2 <P, <50 nm). Therefore, the textural
parameters, served to characterize the samples in terms
of physical analysis of porosity, providing knowledge for
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Fig. 6 OFW model of samples AC-1 (a) and AC-2 (b)

future studies of processes such as adsorption gas capture,
and other processes. Figure 8 illustrates the variation of the
P4 with the BET surface area, where there is a non-linear
relationship between the BET surface area and the pore
diameter (P4), showing once again the complex nature of
the samples, as seen, the P, decreased in relation to the SB
for the AC-1 sample and increased from AC-1 to AC-2.The
reverse process was seen for the BET surface area, the BET
surface area increased from SB to AC-1 and regressed from

AC-1 this non-linearity can be considered normal given the
complexity of biomass [39].

3.4 SEM-EDX analyzes

Images obtained from SEM analyze revealed two mor-
phological stages: fibrous structure and rough structure.
The fibrous surface is formed by strips in parallel covered
with a residual material while the rough morphology is
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T—l

Fig.7 KAS model of samples AC-1 (a) and AC-2 (b)

more fragile having a fragmented structure containing
deformities through which small pores connect neigh-
boring cells with the surface of the walls [25]. The SEM
images are shown in Fig. 9 with a 500 and 1000x magnifi-
cation for the samples of SB (a, b), AC-1 (¢, d) and AC-2 (e,
f), respectively. AC-1 and AC-2, due to being subjected to
thermal degradation presented rough structures forming
numerous heterogeneous pores demonstrating that there
is more uniformity before the pyrolysis process [25, 39]. A
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possible explanation is that during thermal conversion a
large amount of volatile material flows through the solid
material for a short period that changes the particles on
the surface shrinking and making them rough [25]. AC-1
sample showed a porous structure with a disorganized
pattern which is related to the surface area. The same sam-
ple still retains parts of the fibrous morphology of fresh
cane bagasse (SB) [42]. Fibers present in AC-1, presented
a more transversal shape. Lignin was partially removed
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Table 3 Textural characteristics of the studied samples

Samples SBET® VTotal® Vmicro® Pd

SB 4.58 0.04 <0.01 52.94
AC-1 11.83 0.07 <0.01 25.48
AC-2 5.47 0.08 <0.01 57.67

3SBET: BET surface area (m?g™")
bVTotal: Total pore volume (cm3g™)
Vmicro: Micropore volume by the t-plot method (cm® g™")

d P4: Pore diameter (nm)
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Fig.8 Comparison of P4 with surface area (BET)

by the pyrolysis process showing a further morphological
difference to the natural sample (B). Thermal degradation
process provided the formation of a porous structure indi-
cating that the pyrolysis removed external fibers which
increased the surface area facilitating the cellulose deg-
radation. In addition, the morphology of thermochemi-
cally modified bagasse AC-2 showed a reduction in the
fibrous structure, however with numerous pores formed
[25]. Through EDX analysis it was possible to identify
some elements present on the surface of each sample
(Fig. 10). According to Fig. 10, it was possible to identify
the following elements and their percentages in the SB
sample: carbon (81%) and oxygen (19%). After the activa-
tion process for the sample AC-1 the presence of carbon
(70.86%), oxygen (22.65%) and potassium (6.49%) were
verified. Finally, for the directly pyrolyzed sample AC-2

the presence of carbon (30.64%) potassium (present in
the activating agent KOH) (56.70%) was seen maintaining
the proportion for oxygen (12.66%). A rigorous increase
in potassium was observed in AC-2, and a decrease in car-
bon, most possibly explained by the fact that this sample
was impregnated directly in the biomass in nature passing
through only a pyrolysis process.

4 Conclusions

To study the potential energy of sugarcane bagasse and
thermochemically modified bagasse, the thermal behav-
ior of the samples showed the presence of three steps
by which there was variation in the temperature range
involved in each one. First step involved the devolatili-
zation of more volatile substances and loss of moisture.
Second stage showed the thermal degradation of lig-
nocellulosic components such as hemicellulose, cellu-
lose and parts of lignin. The final stage (third stage) of
thermal degradation showed the presence of ash and
materials that were not decomposed. All applied mod-
els OFW and KAS for calculating kinetic parameters are
in accordance with literature data, with a variation in
the activation energy range and pre-exponential factor
observed during thermal degradation indicating that the
pyrolysis process occurred in several stages. Through the
textural parameters, it was possible to characterize the
samples in relation to the pore size, specific BET surface
area and pore volume. SEM analyzes, on the other hand,
showed morphological differences between the samples
with the SB sample having a fibrous, tubular shape and
the AC-1 and AC-2 samples, a rougher shape with pores
not evenly spread but maintaining part of its fibrous
structure. EDX analyzes allowed to verify the presence
of carbon for all samples, for samples AC-1 and AC-2,
it was possible to identify the presence of potassium
most likely coming from the activating agent. For future
studies, some prospective was related such as studies
of energy balance, ignition and burnout temperatures
and applied studies, such as adsorption analysis for CO,
capture. Therefore, according to the results in this search,
sugarcane bagasse and thermochemically modified
bagasse showed very promising results it has consider-
able potential that can lead to the development of new
studies for bioenergy potential or adsorption process.
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Fig.9 SEM images of the surface of sugar cane bagasse with an thermochemically modified bagasse directly in biomass with an
increase of 500x (a) and 1000x (b); thermochemically modified increase of 500x (e) and 1000x (f)
bagasse at 450 °C with an increase of 500x (c) and 1000x (d) and
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