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KEYWORDS Abstract The influence of pyrolysis temperature on the activity and catalytic stability of sulfonated
Esterification: biochar, from the agro-industrial residue murumuru kernel shell, was evaluated in the esterification
Sulfonated biochar; reaction. Carbonaceous materials were synthesized by direct pyrolysis at 450, 600 and 750 °C and
Pyrolysis temperature; functionalized with sulfuric acid at 200 °C for a 4 h period. The materials were characterized by
Acid heterogeneous catalysis; density of sulfonic groups, SEM, EDS, Elementary Analysis, ATR-FTIR, Raman Spectroscopy,
Catalytic stability TG and XPS analysis. The data obtained showed that the functionalization occurred directly in

the carbon chain of biochar, evidencing that higher carbonization temperatures resulted in carbona-
ceous catalysts of more stable polycondensed nature. The catalyst synthesized at 750 °C achieved
conversion of 98.35% =+ 1.105 and maintained in the third reaction cycle conversion of 89.35%
+ 1.197. This catalyst also showed the highest content of sulfur groups, even after reuse processes.
The increment of temperature and time in the reaction medium was able to improve the reuse capac-
ity of relatively low stability catalysts. Thus, the results obtained show the impact of pyrolysis tem-
perature on obtaining catalysts with greater activity and catalytic stability in esterification reactions,
and in this way provide very important subsidies for the development of new heterogeneous sul-
fonated carbon-based catalysts, applied in the biodiesel production process.
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1. Introduction

Global concerns regarding fossil fuel consumption and its impact on
the environment have led to the implementation of renewable energy
policies worldwide, with emphasis on ethanol and biodiesel production
(Acharya and Perez-Pena, 2020). Biodiesel is a biodegradable fuel of a
non-toxic nature, which has similar performance to petroleum-derived
diesel, and can be produced by esterification and transesterification
reactions of vegetable oils or animal fats with a low molecular weight
alcohol (Gardy et al., 2017; Wee et al., 2019).

The use of heterogeneous acid catalysts is highlighted in the biodie-
sel production process, because in addition to allowing the occurrence
of simultaneous esterification-transesterification reactions, it has the
advantages of non-corrosiveness, ease separation and possibility to
reuse the solid catalyst. Thus, such materials are an alternative for
reactions using low-cost raw material with high acidity
(Dechakhumwat et al., 2020; Deris et al., 2020; Zhou et al., 2016).
Among the different types of heterogeneous catalysts, carbon-based
catalysts have been studied in biodiesel production. These could be
derived from a variety of precursors, including biomass residues
(Thushari and Babel, 2018).

In recent years, the potential of waste materials has been widely
explored with the aim of identifying strategies to convert low-value
waste into new materials (Xu et al., 2019). Several types of biochemical
and agrochemical processes are being perfected to explore the conver-
sion of agroindustrial waste into products with high added value, such
as the production of antifungals and biopigments (Schalchli et al.,
2021), production of cellulose acetate (Battisti et al., 2018) and devel-
opment of biomortars (Boumaaza et al., 2023). Among the different
applications, the systematic conversion of biomass residues into com-
pounds such as biochar through pyrolysis techniques is a promising
alternative to minimize the environment pollution and ensure the
establishment of the bioeconomy (Ghodake et al., 2021).

The use of these residues for the synthesis of heterogeneous cata-
lysts, combined with the use of raw materials with high fatty acid con-
tent in biodiesel production can lead to a more economical and
sustainable process (Thushari and Babel, 2018).

An important step in the synthesis process of carbonaceous cata-
lysts is pyrolysis of biomass, followed by functionalization with groups
that give it catalytic activity. The surface of the biochar has abundant
functional groups that could be modified with several other groups
after functionalization (Chellappan et al., 2019). Among them, the sul-
fonated biochar with sulfonic groups (—SO;H) is the most used
(Dhawane et al., 2018). The literature reports that the insertion of sul-
fonic groups in the structure of carbonaceous materials can occur in
the benzene groups of the carbon chain, forming sulfonic groups, or
in the hydroxyl groups, producing the organo-sulfate groups
(Landwehr et al., 2018).

Chemical reactions and physical changes during biomass pyrolysis
depend on several factors such as reactor type, heating rate, tempera-
ture and biomass composition. Pyrolysis temperature strongly influ-
ences the molecular structure and physical-chemical properties of
biochar materials. However, more detailed studies on the influence
of the temperature of the pyrolysis process on the characteristics and
applicability of biochar are necessary to infer and improve preliminary
ideas and conclusions, mainly related to the functionalization of sul-
fonated biochars (Ghodake et al., 2021).

Several studies report the synthesis of sulfonated biochar catalysts
applied in esterification reactions, which present high catalytic activity,
however they encounter difficulties in the reuse process of the catalyst
(Zhou et al., 2016; Lathiya et al., 2018; Niu et al., 2018).

Sulfonated carbon materials exhibit high thermal stability (close to
250 °C), however the real stability of the material and particularly the
stability of active sites (—SO;H) is affected by operational or process
conditions. Reaction parameters such as temperature, pressure, nature
of reagents, pH, presence of solvents and water have a direct impact on
the stability of such catalysts. The stability of —SOs;H groups is also

influenced by the sulfonation method and the structure of the car-
bonized material (Chen et al., 2019; Fraile et al., 2015; Scholz et al.,
2018). In this context, the literature has few studies to elucidate issues
related to the catalytic activity and stability of sulfonated biochar
(Chen et al., 2019; Scholz et al., 2018).

The main experimental variables that affect biodiesel yield in ester-
ification and transesterification reactions are the amount of catalyst,
the molar ratio between alcohol and raw material, reaction time and
temperature. Reaction temperature is usually the factor of greatest
influence (Bastos et al., 2020; Gongalves et al., 2021; Mares et al.,
2021). Factorial planning is a very relevant tool to investigate the influ-
ence of reaction variables on the biodiesel production process, since it
allows identifying the most important factor, evaluating the interac-
tions between variables, predicting responses to conditions that have
not been tested in practice and minimizing waste generation with
unnecessary experiments (Pereira Filho, 2018).

The Murumuru (Astrocaryum murumury Mart.) is a palm tree of
medium height, found throughout the estuary of the Amazon River
and tributaries. The fruit pit has a woody shell, containing a kernel
that is raw material for the extraction of butter, of high added value
in cosmetic formulations. The kernel shell represents an agro-
industrial residue with poorly exploited reuse potential (Pesce, 2009;
Sousa et al., 2004). Studies have already been developed on the use
of this residue for the synthesis of sulfonated carbon catalyst applied
in esterification reaction and transesterification of acid oils for biodie-
sel production (Bastos et al., 2020; Corréa et al., 2020). However, any
study focused on investigating the catalytic activity and stability of this
material. Therefore, the present work seeks to investigate the influence
of pyrolysis temperature on the synthesis of sulfonated biochar from
murumuru kernel regarding catalytic activity and stability in the ester-
ification reaction of oleic acid with methanol, as well as to evaluate the
influence of reaction conditions for catalysts with different stabilities.

2. Materials and method

2.1. Materials

The agro-industrial residue of murumuru kernel shell was
obtained from the vegetable oil processing company Beraca
Ingredientes Naturais S/A located in Ananindeua (Para, Bra-
zil). In the sulfonation process, 98% concentrated sulfuric acid
was used (Exodus®, 7664-93-9). For esterification reactions,
99.8% methanol (Nuclear®, 67-56-1) and oleic acid 99%
(Impex®, 112-80-1) were used. Ethanol 99.8% (Exodo®, 64-
17-5) and n-hexane 95% (Vetec®, 110-54-3) were used in the
catalyst recovery (washing) process. All reagents used were
analytical grade.

2.2. Synthesis of catalysts

The murumuru kernel shell was initially crushed, followed by
granulometric classification. The grains of the shell with parti-
cle size > 340 pm were carbonized in a tubular furnace at tem-
peratures of 450 °C, 600 °C and 750 °C for 1 h, heating rate of
15 °C min~! and nitrogen flow of 80 mL min~"'. The conditions
used in the pyrolysis process were adapted from the study of
Corréa et al. (2020). The biochars obtained from the different
carbonization temperatures were labeled BC450, BC600 and
BC750, in which the numbering refers to the carbonization
temperature. The Fig. la illustrates the synthesis process of
biochars. After carbonization, the materials were macerated
in gral and pistil. Then, the mass yield of the carbonization
of murumuru kernel shell residue was calculated at the differ-
ent temperatures used.
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a) Preparation of the biochars

Murumuru kernel shell

Crushing Carbonization time of 1 h
e ——— <y
Sieving Rate of 15 °C min™!

N, flow of 80 mL min™!

Goo.mmmm l

°Cc
450 600 750

|

Carbonization process

Biochars

b) Sulfonation process

H,S0, concentrated Cooling

Biochar-acid ratio 1:10

Vacuum filtration

I
I
I
1
I
I
I
1
1
I
I
I
I
I
I
|
|
I
I
I
1
I
|
|
]
|
I
I
I
I
I
I
I
|
|
I
I
|
|
|
I
I
I
I
I
I
|
I
I
I
I
I
I
I
|
I
i
I
I
I
I
|
|
|
I
I
|
1
I
I
I
|
I
I
I
1
I
I
I
I
I
1
I
|
|
I
I
I
1
I

Biochars Sulfonation process Drying at 60 °C for 24 h Catalysts
BC450, BC600 and BC750 at200°C/4 h
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, !
1
1
1
I
!
]
______________________________________________ i
Catalyst recovery L 1
; :
' 1
| i
e IR :
NN i
Catalyst 2‘: L i i i
E( SN ] ' ez !
&iﬁ;‘rt Lo Centrifugation 1
> L@ & - —_— = J 1
~ & = Il Product separation y i i
R ' Washing H,0 at 90 °C '4 [ X i
—_—) ’ | - 4 !
1
1
Oleic acid  Methanol Esterification reaction Drying at 80 °C for 24 h Biodiesel :
l_________,______________,___________________________________________________________,_______________________J
Fig. 1  Flowchart of synthesis and application of catalysts in biodiesel production.

Then, the biochars were functionalized by means of sul-
fonation process with concentrated sulfuric acid, using a
solid-acid ratio 1:10 (1.0 g of biochar for 10 mL of H,SOy,),
in a flat bottom glass balloon and heating plate under constant
agitation at 200 °C for a 4 h time period, in reflux system
(Correéa et al., 2020). After the sulfonation stage, the reaction
mixture was cooled to room temperature. Afterwards,
500 mL of deionized water was slowly added to the flask in
order to dilute the reaction medium. Subsequently, the solid
was filtered with filter paper in a vacuum system, washed with
deionized water to neutral pH and dried in an oven at 60 °C
for 24 h, obtaining sulfonated biochar catalysts labeled
BC450-S, BC600-S and BC750-S, in which the term ““S” refers
to the sulfonation process. This functionalization process can
be visualized in Fig. 1b.

2.3. Characterization of materials

The density of sulfonic groups was determined by acid-base
titration, according to the method proposed by Ning and
Niu. (2017), with adaptations. The mass of 0.05 g of the mate-

rial was added in 15 mL of standard NaCl 2.0 mol L™ solu-
tion, kept under agitation for 24 h. After that, the
suspension was vacuum filtered using quantitative filter paper
for solids separation and the filtrate was titrated with standard
NaOH solution 0.02 mol L', using phenolphthalein as an
indicator. The density of the sulfonic groups was calculated
according to Eq. (1).

H xA
C(~SO3H) = COH xAV

(1)
where C (—SO;H) is the density of sulfonic groups in mmol
¢~!; COH™ is the concentration of the standard NaOH solu-
tion in mol L™!; AV is the Volume of NaOH used for titration
in mL; and m is the mass of the sample in g.

The morphological analysis of biochars and catalysts was
performed by Scanning Electron Microscopy (SEM), using a
high resolution microscope of the TESCAN brand, model
VEGA 3 LMU. The characterization of the chemical compo-
sition was performed by X-ray Spectroscopy by Dispersion
in Energy (EDS), using a micro-analysis system equipment,
model AZTec Energy X-Act, with resolution of 129 Ev from
Oxford brand. The Elemental Analysis of the materials was

m
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performed in an Element Analyzer equipment, Thermo Scien-
tific brand, model Fisons EA1108 CHNS-O, which allowed the
determination of carbon, hydrogen, nitrogen and sulfur per-
centages. The oxygen content was determined by difference
in the sum of C, H, N and S elements. At the end, the atomic
ratios H/C and O/C were calculated.

The functional groups present in biochars and catalysts
were determined at room temperature by Attenuated Total
Reflectance Fourier Transform Infrared Spectroscopy (ATR-
FTIR) using a Bruker spectrometer, model VERTEX 70 V
equipped with a single-reflection ATR accessory (Platinum,
Bruker Optics), recording in the spectral range from 4000 to
400 cm ™" with a resolution of 4 cm™', accumulating 32 scans
per spectra. The Raman spectra of biochars and catalysts were
obtained using a LabRaM HR spectrometer from Horiba,
equipped with a Czerny-Turner monochromator, a CCD
detector and an Olympus confocal microscope, operating with
a 532 nm laser and 50x lens.

The Thermogravimetric Analysis (TG) of biochars and
their respective catalysts was performed in Shimadzu equip-
ment, model DTG-60H, in the temperature range of 25 °C
to 1000 °C at a heating rate of 15 °C min~' under nitrogen
atmosphere, flow rate 50 mL min ™', using an alumina crucible.
The investigation of the chemical speciation of the functional
groups present on the surface of the catalysts was performed
by X-ray Photoelectron Spectroscopy (XPS), using a Scienta
Omicron spectrometer, model ESCA +, equipped with an
EA125 hemispherical analyzer, an XM 1000 monochromator
and an X-ray source of Al Ka (1486.7 eV).

2.4. Investigation of catalytic reusability

Esterification reactions of oleic acid with methanol were per-
formed up to the fourth reaction cycle for each catalyst
obtained from the different carbonization temperatures, to
evaluate catalytic activity and stability. The catalysts were
reused after washing with ethanol (99.8%) and n-hexane
(95%), vacuum filtration using quantitative filter paper, and
drying in an oven at 100 °C for 2 h before each reuse cycle.

The experiments were conducted in a Parr model 5000
Multi-Reactor System, as shown in Fig. lc. The same reaction
conditions was used in the investigation of catalytic reusability
for all esterification processes: methanol to oleic acid molar
ratio of 20:1, catalyst concentration of 5% (m/m), temperature
and reaction time of 90 °C and 1.5 h, respectively. The reaction
conditions were determined from literature data collection and
preliminary tests (Lathiya et al., 2018; Corréa et al., 2020;
Sangar et al., 2019). Esterification reactions using only bio-
chars and the reaction system (oleic acid and methanol mix-
ture) without the presence of catalyst (white) were performed
under the same reaction conditions described for the investiga-
tion of reuse processes, to evidence the catalytic performance
of the catalysts.

At the end of the experiments, the reaction mixtures were
centrifuged and the catalysts were recovered. Then, the reac-
tion products were transferred to a decanting funnel and
washed with distilled water portions heated to 90 °C for
removal of water and residual alcohol. After that, the products
were dried in an oven at 80 °C for 24 h and stored in vials for
further analysis.

The conversion, in the face of esterification reactions, was
determined by the evaluation of the acidity indexes between
the biodiesel produced and the oleic acid. The acidity index
was determined by titrimetric method according to AOCS
Cd 3d-63, and the conversion of free fatty acids (FFA) was
determined using Eq. (2):

AV,
FFA conversion (%) = (1 —2-L) x 100 (2)
AV
where AV is the Initial Acidity Index (oleic acid) and AV is
the Acidity Index of the obtained product, given in mg KOH

1
g
2.5. Influence of reaction conditions on catalyst reuse

The influence of the variables temperature and reaction time
on the esterification of oleic acid with methanol was evaluated,
regarding catalytic performance and catalyst reuse capacity.
Thus, for each catalyst, a complete factorial planning of two
levels and two variables was carried out, plus 3 central point
reactions to estimate the experimental error of the process.
For each reaction conditions of the planning, the catalyst
was used and reused, totaling 2 reactions and 2 responses at
each point.

As in the first catalytic reusability study described above,
the response to catalytic activity was given in terms of conver-
sion of free fatty acids into esters. The independent variables
(temperature and time) as well as levels were selected by means
of preliminary tests. Table 1 presents the coding of the vari-
ables and levels adopted in the experiments.

The responses obtained from the experiments were ana-
lyzed by calculating effects and percentage of effects for each
variable and its interaction, to verify the investigated variables
of greater relevance for the esterification processes. The calcu-
lations were made with the aid of the GNU Octave Program
version 4.2.1 (John W. Eaton and collaborators©, 2017).

3. Results and discussion

The mass yield of the carbonization of the murumuru kernel
shell showed a gradual decrease with the increase in tempera-
ture, from 34.30% at 450 °C, to 32.05% at 600 °C, reaching
24.30% at 750 °C. According to Cheng and Li. (2018), the
higher the pyrolysis temperature, the more volatile compo-
nents are released from the surface of the material, resulting
in lower yield of the carbonized material.

Table 1 Levels of the variables in the Experimental Design.

Independent Variables Levels

—1 (lower) 0 (central)  +1 (higher)
V, — Temperature (°C) 70 95 120
V, — Time (h) 0.5 1.75 3

— Reactions conducted at 20:1 Molar Ratio and 5% catalyst
concentration.
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For the density values of —SO3H, before the sulfonation
process, all biochars showed non-significant results, around
0.08 mmol g’1 + 0.010. However, after sulfonation, the den-
sity of sulfonic groups increased considerably, evidencing the
efficacy of the sulfonation process, which resulted in values
similar to those found in the literature for this type of material,
about 1.0 mmol g_l (Lathiya et al., 2018; Cao et al., 2021;
Zhang et al., 2021). The catalysts synthesized with the highest
carbonization temperatures showed higher densities of —SOs-
H, 170 mmol g ' + 0017 for BC600-S and
1.50 mmol g=' + 0.020 for BC750-S, compared to
1.20 mmol g=' £ 0.023 of BC450-S. The slight reduction
observed for the carbonized catalyst at 750 °C can be associ-
ated to the fact that carbonization temperatures with very high
magnitudes reduce the amount of groups —SO;H that join the
edges of carbon structures, since polycondensed aromatic car-
bon structures are formed at higher degrees (Clohessy and
Kwapinski, 2020).

3.1. Influence of carbonization temperature on structure and
composition

Fig. 2 exposes the SEM micrographs of biochars and catalysts.
In general, there was a predominance of the typical morphol-
ogy of lignocellulosic biomass with rough surfaces without
ordered structures (Scholz et al., 2018).

WD: 15.00mm | Det: SE
BI: 9.00 |Date(m/dly): 02109721

) BC450-S

SEM HV: 15.0KV. | SEMMAG: 5.00 kx| ] I

IFPA-Campus Belem

VEGA3 TESCANJl SEM HV: 15.0KV/

Fig. 2

BI: 9.00 Date(m/dly): 02/09/21

The SEM micrographs shown in Fig. 2a—c, referring to bio-
chars BC450, BC600 and BC750, respectively, do not show a
change in the morphology for products obtained under the
variation of carbonization temperature. When analyzing the
SEM micrographs of the catalysts, it is noticed that the sul-
fonation process caused changes in the morphology of
BC600-S catalysts (Fig. 2e) and mainly BC750-S (Fig. 2f),
which showed apparent pore increment in their structures,
because of the corrosion and oxidation of concentrated sulfu-
ric acid (Chen et al., 2022; Konwar et al., 2019). The increase
in the number of pores on the catalyst surface is extremely ben-
eficial, since it favors contact between reagents and active sites
in the catalytic process (Zhang et al., 2021).

The EDS analysis show that all biochars have carbon as the
main element, a common characteristic resulting from the car-
bonization process, Fig. 3ac. Also, there was a decrease in the
amount of oxygen with the increase in carbonization tempera-
ture decreasing from 20.36% = 0.131 in BC450 to about 8.3
5% =+ 0.130 in BC750. Thus, a relative increase in the amount
of carbon with the increase in the carbonization temperature
was observed. Such variations can be explained by the release
of oxygenated volatile components in the carbonization pro-
cess. Therefore, the increase in carbonization temperature
has a positive correlation with the amount of fixed carbon
and a negative correlation with the number of oxygenated spe-
cies (Zhao et al., 2018).

VEGA3 TESCAN|
Det: SE

Date(midly): 02/09/21 IFPA-Campus Belem

VEGA3 TESCAN]|
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Date(midly): 02/09/21

IFPA-Campus Belem IFPA-Campus Belem

SEM micrographs, at 5.00 kx magnification, for the biochars in (a), (b) and (c), and their respective catalysts in (d), (¢) and (f).
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Fig. 3  EDS analysis for biochars: (a) BC450, (b) BC600 and (c) BC750.

The EDS analyses for the catalysts, Fig. 4a—c, verify that
carbon is the major element in carbonized materials after sul-
fonation. However, the percentage increase in oxygen in all
materials is noted, suggesting that the sulfonation process
favors the formation of oxygenated groups, given that concen-
trated sulfuric acid used in functionalization is a powerful oxi-
dizing agent. The presence of the sulfur element shows that the
process of sulfur groups insertion was efficient, with a lower
content (2.55% = 0.205) for BC450-S (Fig. 4a), and higher
content for those with higher carbonization temperatures (8.
70% =+ 0.187) for BC600-S (Fig. 4b) and (8.37% =+ 0.192)
BC750-S (Fig. 4c).

Table 2 presents the elemental analysis for biochars, their
respective catalysts and catalysts resulting from reuse after
the fourth reaction cycle. The catalysts after reuse are marked
with the letter R after the corresponding catalyst nomencla-
ture: BC450-S-R, BC600-S-R and BC750-S-R.

According to the EDS analysis, there was an increase of
oxygen for sulfonated catalysts in relation to biochars, in addi-

tion to the presence of sulfur, which reinforces the effectiveness
of the sulfonation process in all carbonized materials. The
amount of sulfur increased with the increase of the catalysts
carbonization temperature, from about 3.34% (BC450-S) to
6.82% (BC750-S).

According to Sangar et al. (2019), the sulfur and oxygen
content increases due to the introduction of the group —SOszH
and formation of —COOH after the sulfonation process. Thus,
it was verified that the increase in carbonization temperature
favored the functionalization of the material with sulfonic
groups.

It is also observed that the H/C ratio decreases with the
increase in the carbonization temperature for all materials.
The variation of the O/C ratio is best observed for biochars
before and after sulfonation, in which there is an increase in
the O/C ratio of catalysts in relation to their carbonaceous pre-
cursors. A lower H/C ratio represents a decrease in the alipha-
tic nature, while a high O/C ratio reinforces the increase in
oxygenated groups (Oasmaa et al., 2010). Thus, with the
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Table 2 Elemental analysis for biochars, their respective catalysts and catalysts after the fourth reaction cycle.

10

60_5 Element %
Carbon (C) 63370314
3 3 Oxygen (0)  34.09 +0.146
3 Sulfur (S)  2.55+0.205
20 5
i
G:I'"I"'l"'l"'l"'l"'l'"I'l'l"'l"'l
0 2 4 6 8 10 12 14 keV
EL
E Element %
20_5 Carbon (C) 68.87 +0.146
3 _ Oxygen (O)  22.43 £0.044
o 9 Sulfur (S) 8.70 +0.187
L g
01 A __
rrrrrrrrprrrprr o1t
0 2 6 10 12
I
03 —— o ¢) BC750-S
Carbon (C)  67.49 +0.148
20
3 ] Oxygen (O)  24.11 £0.063
Sulfur (S) 8.37 +0.192

Fig. 4 EDS analysis for the catalysts: (a) BC450-S, (b) BC600-S and (c) BC750-S.

Sample Elemental composition (%) Elemental ratio
C H N S O* H/C o/C
BC450 76.91 £+ 0.040 3.11 £ 0.017 1.67 £ 0.020 <0.03 18.31 0.040 0.24
BC600 88.38 £ 0.034 249 £+ 0.014 2.97 £ 0.011 <0.03 6.16 0.028 0.070
BC750 85.54 £ 0.060 1.54 + 0.029 < 0.20 <0.03 12.92 0.018 0.15
BC450-S 54.15 £+ 0.066 3.24 £ 0.260 3.57 + 0.023 3.34 + 0.011 35.70 0.059 0.66
BC600-S 66.75 £+ 0.057 2.18 + 0.014 2.16 + 0.029 4.52 + 0.017 24.39 0.033 0.37
BC750-S 65.50 £ 0.08 1.98 £+ 0.032 2.62 + 0.009 6.82 £ 0.026 23.08 0.030 0.35
BC450-S-R 60.07 £+ 0.069 2.82 + 0.020 2.28 + 0.031 2.05 + 0.024 32.78 0.047 0.55
BC600-S-R 70.15 £ 0.037 2.34 £ 0.015 2.17 £ 0.013 4.39 + 0.023 20.95 0.033 0.29
BC750-S-R 72.14 £ 0.065 2.25 + 0.030 <0.20 6.12 £ 0.013 19.49 0.031 0.27

" Determined by difference.
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increase in carbonization temperature, it is perceived the
decrease in the aliphatic nature of the biochar, suggesting that
the material carbonized at 750 °C as the one with the most
polycondensed nature. In addition, the individual analysis of
the O/C ratio shows that the material carbonized at 450 °C
as the most oxygenated, both before and after sulfonation.

Based on the main basis for functionalization the magni-
tude of the sulfur content, it was verified that after the fourth
reaction cycle the catalysts BC600-S and BC750-S were able to
maintain most of their sulfonic groups, while the BC450-S cat-
alyst presented a significant leaching content of the active spe-
cies in relation to the others, with a drop of 3.34% before the
reaction cycles to 2.05% after reuse. Therefore, when submit-
ted to the same reaction conditions, the BC750-S catalyst is the
one that maintains the highest content of sulfonic groups, since
it is the material with the highest functionalization.

The ATR-FTIR spectra of biochars and catalysts are illus-
trated in Fig. 5. It is observed that both in the spectra referring
to biochars (Fig. 5a) and in the spectra recorded for the cata-
lysts (Fig. 5b), characteristic bands of components generated in
the carbonization of lignocellulosic biomass are identified,
such as at 1593 cm ™! referring to the normal vibrational mode
(NVM) of the stretch associated with the C—C bond of aro-
matic rings, and at 1704 cm ™! attributed to the MNV of the
stretch referring to the C—O bond of carboxylic groups
(Zhang et al., 2021). However, in Fig. 5b, the absorption band
relative to C=0 is barely noticeable for catalysts BC600-S and
BC750-S, suggesting BC450-S as more abundant in carboxylic
groups, since it is the most oxygenated and oxidation-prone
material, according to the elementary analysis.

The decrease in band intensity associated with the MNV of
the C—C bond in BC600 and BC750, also observed in their
respective catalysts, BC600-S and BC750-S (Fig. 5b), suggests
a higher degree of graphitization for these materials, as
reported by Scholz et al. (2018), which explain that materials
carbonized at high temperatures are composed of wide and
extensive polyaromatic layers of carbon, where the C—C
vibration in ATR-FTIR is not active.

The presence of bands at 1040 cm ™" and 1168 cm ™!, typical
of normal vibration modes associated with symmetrical and
asymmetric stretches of the O—S—O0 bonds of the sulfonic
groups is evident for BC450-S and BC600-S catalysts (Scholz
et al., 2018; Zhang et al., 2021). However, for BC750-S the
band is practically not observed, despite the high sulfur con-
tent shown by elemental analysis. This occurred similarly for
Scholz et al. (2018), in studies about sulfonated biochars from
carbonizations performed at high temperatures, the authors
reported that this fact is due to the strong infrared absorption
of carbon structures with a high degree of graphitization.

In order to complement investigations into the carbona-
ceous structure of materials, the Fig. 6 illustrates the Raman
spectra of biochar and catalysts. All materials have character-
istic bands of carbon material, located at 1350 cm™! (band D —
Defect) and 1590 cm™! (G — Graphite). For biochars, regard-
less the degree of graphitization, the D-band could be assigned
to the most active structures, while the G-band may refer to
the most stable structures (Scholz et al., 2018; Xu et al., 2018).

The properties relative to the intensity of the bands can be
evaluated according to the Xu et al. (2020a), from the decon-
volution of the Raman spectrum in a Gaussian curve to the
band D and a Lorentziana curve for the Band G. The intensity
values of bands D (Ip) and G (Ig) are described in Table S1.
For biochars, it was observed a considerable decrease in inten-
sity of the bands with the increase in carbonization tempera-
ture, about 5 times from BC450 to BC750. Xu et al. (2018)
report that for carbonized materials, with the increase in the
degree of structural order, the amount of aliphatic components
such as C—H, C—O0 and C—0, and alkyls substituents of aro-
matic rings, becomes smaller, resulting in the disappearance of
smaller bands and sharpness of bands D and G.

By relating the intensity of band D with the intensity of
band G for each material, through the Ip/Ig ratio, it was pos-
sible to obtain the fundamental information to confirm the
changes in Raman spectral parameters and the structure infor-
mation represented by them (Xu et al., 2020b). The Ip/I ratio
increased from 0.53 (BC450) to 0.73 (BC750). After sulfona-
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Fig. 5 ATR-FTIR spectrum for materials (a) biochars and (b) catalysts.
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Fig. 6 Deconvoluted Raman spectra for the biochars in (a), (b) and (c), and their respective catalysts in (d), (¢) and (f).

tion, the BC450-S presented a value of 0.61 (similar to BC600-
S), while the BC750-S presented 0.77. The decrease of small
aromatic rings and substituting groups are limited, and the
growth of polycondensed aromatic rings occurs significantly,
resulting in increased Ip/Ig ratio (Xu et al., 2020b). Thus, it
can be inferred that the biochar obtained at 750 °C in the pre-
sent study is the one with the most growth of polycondensed
aromatic rings.

Thermogravimetric analysis was used to analyze the ther-
mal decomposition profile and provide data on the composi-
tion of the materials. The calculation of the first derivative
(DTG) shows maximum mass losses. The TG/DTG curves
for biochars and their respective catalysts are presented in
Fig. 7.

For biochars, the first main event of mass loss, 100 °C,
could be attributed to the evaporation of water adsorbed from
moisture (Lathiya et al., 2018). Loss events close to 170 °C

occur due to the decomposition of organic matter residues
from components of short chains and low molecular weights
(Liu and Liu, 2020).

When analyzing the BC450 (Fig. 7a), a significant loss of
41% was observed in the fourth main event, 468-707 °C,
which comprises the decomposition range of the oxygenated
functional groups (Rechnia-Goracy et al., 2018). Thus, as evi-
denced by elemental analysis, BC450 biochar has a higher
amount of oxygenated organic matter on the surface than
the others, which was previously expected, due to the lower
carbonization temperature.

TG/DTG curves for catalysts show that the first mass loss
event in the temperature range 25-155 °C, as well as for bio-
chars, is related to water adsorbed on the surface. However,
the catalysts showed much higher mass losses than biochars,
19.22% in BC450-S (Fig. 7d) when compared to 3.79% in
BC450 (Fig. 7a), a fact that may be associated with the high
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Fig. 7 TG/DTG curves for the biochars in (a), (b) and (c), and their respective catalysts in (d), (e) and (f).

density of polar functional groups, as carboxylic acids and the it, fact corroborated by the evaluation of the sulfur content

high hydrophilicity of the sulfonic groups present in catalysts in the elemental analysis. The third mass loss event, 500—
in relation to their carbonaceous precursors (Farabi et al., 730 °C, corresponds to the decomposition of oxygenated func-
2019; Rocha et al., 2019). tional groups, as alcoholics/phenolic and carboxylic acids, that

The thermal decomposition profile of the BC600-S (Fig. 7e) may have been introduced because of the sulfonation process

and BC750-S (Fig. 7f) are very similar. Mass loss events in the (Rechnia-Goracy et al., 2018). Therefore, the mass loss for
temperature range 220-290 °C are interpreted as a result of BC600-S (20.91%) was higher than BC750-S (16.41%), indi-
sulfonic groups decomposition (Corréa et al, 2020; cating the highest content of oxygenated groups in BC600-S.
Chellappan et al., 2018). Thus, the mass loss for the BC750- The BC450-S catalyst (Fig. 7d) did not present the mass
S catalyst (19.95%) was slightly higher than for BC600-S loss events characteristic of the sulfonic groups and well-
(17.17%), suggesting a greater number of sulfonic groups in defined oxygenated groups, although EDS analysis and
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elemental analysis showed the presence of sulfur in the mate-
rial. There was a significant mass loss event of 43.56% in the
temperature range of 300-700 °C, in which it is suggested to
be responsible for the departure of sulfonic groups and oxy-
genated groups in the same event, in view of the characteristic
ranges already mentioned of 220-290 °C to sulfonic groups
decomposition and 500-730 °C to oxygenated groups
decomposition.

From the thermogravimetric analysis of the materials, it
was observed that all catalysts remain stable in the reaction
conditions of catalytic tests employed (temperature range of
70-120 °C). The TG/DTG analyses also reinforce that the
increase in carbonization temperature favors functionalization
with sulfonic groups, besides corroborating the idea pointed
out by the EDS and elementary analyses regarding the nega-
tive correlation of the carbonization temperature increase with
the amount of oxygenated functional groups.

The TG/DTG analyses for catalysts after the fourth reac-
tion cycle are evidenced in Fig. S1. From TG analysis, it was
found that all catalysts showed a small event, designated event
3, corresponding to mass loss between 2%and 3%, associated
with the temperature range of 300400 °C, This is reinforced
by the maximum mass loss indicated in DTG analysis. This
event may be related to the deposition of impurities and reac-
tion products on the catalyst surface, since such events are not
visualized before the use of the catalyst.

From TG/DTG analysis for the BC450-S catalyst
(Fig. Sla), a mass loss event (event 2) associated with the
decomposition of sulfonic groups is observed in the tempera-
ture range of 220-290 °C, with little significant mass loss of
about 4.56%. However, a significant mass loss event is noticed
between 350 and 700 °C (event 4), of about 37.69%. This fact
indicates that despite the leaching of sulfur reported in the ele-
mental analysis and the tendency to decrease oxygenated
groups with successive reaction cycles, the catalyst still has a
wide variety of functional groups, mainly oxygenated, linked
to the carbonaceous structure, even after the fourth reaction
cycle (Corréa et al., 2020; Song et al., 2012).

The thermal decomposition profile for the catalysts BC600-
S (Fig. S1b) and BC750-S (Fig. Sic) followed similar to each
other, with trends close to that of the catalysts before the reac-
tion cycles. The event associated with the decomposition of
sulfonic groups, described as event 2 in the temperature range
of 220-290 °C, it showed a slight decrease in both catalysts,
mass loss from 17.17% to 10.47% in BC600-S and mass loss
from 19.95% to 16.96% in BC750-S, corroborating the small
leaching pointed out by elemental analysis and confirming that
after the catalytic reactions the BC750-S catalyst maintains
sulfonic groups to a greater degree.

To complement the investigation on the process of func-
tionalization of catalysts, XPS were performed for such mate-
rials. Fig. 8§ illustrates the full-scan XPS spectra, in which it is
possible to clearly observe the characteristic bands of this type
of catalyst, corresponding to Oxygen s, Carbon 1s and Sulfur
2p (Zhang et al., 2021; Estevez et al., 2020).

Fig. 9 details the spectra in the Region of C 1s, O 1s and S
2p for the catalysts. The carbon (C 1s), oxygen (O 1s) and sul-
fur (S 2p) peaks evidenced in Fig. 7 were deconvoluted in
Gaussian curves, similar to that developed by Yu et al.
(2021), to explore the functional groups related to the different
oxidation states of these elements.
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Fig. 8 Full-scan XPS spectra for the catalysts.

In the C 1s spectra of catalysts BC450-S (Fig. 9a), BC600-S
(Fig. 9b) and BC750-S (Fig. 9c), the peaks at approximately
284.69 eV are attributed to the C—C/C—C bonds in the aro-
matic and aliphatic structures, while that at 285.08 and
286.2 eV are related to C—O—C and C—O bonds of alcohol
and ether groups, respectively. The peaks around 288.35 eV
correspond to C—0O/O—C=0O in carbonyl and carboxyl
groups (Ghosh et al., 2020; Nda-Umar et al., 2020; Yu et al.,
2021). The peaks around 288.35 and 285.08 eV are more evi-
dent for the BC450-S, which are consistent with the ATR-
FTIR and EDS analysis that point this catalyst as the most
abundant in carboxylic and more oxygenated surface groups.
The peak close to 284 eV is referring to the C—S bond and
is considerable in all catalysts. Thus, it is observed that the
higher the carbonization temperature of the catalyst, the more
highlight the curve of the C—S band gains in relation to the
other ones, suggesting that more sulfur groups are being intro-
duced into the carbonaceous structure of the materials (Dong
et al.,2018; Yu et al., 2021; Zhong et al., 2019).

For the spectra referring to O 1s of the BC450-S catalysts
(Fig. 9d), BC600-S (Fig. 9¢) and BC750-S (Fig. 9f), the decon-
volution of the spectra at peaks located at 531.16 ¢V, 532.5¢V,
533 eV and 533.68 eV shows bonds associated with groups
O—H, C=0, C—0 and O = C—O, respectively (Yu et al.,
2021; Yang et al., 2016). The peak attributed to the O—H
group stands out in the spectra of all catalysts, mainly
BC450-S and BC750-S, probably because the BC450-S is the
most oxygenated surface material (EDS and elemental analy-
ses) and the BC750-S is more resistant to the oxidative process
of sulfonation in relation to BC600-S, due to its lower aliphatic
nature (elemental analysis).

The spectra in the S 2p region for the catalysts BC450-S,
BC600-S and BC750-S are exposed in the Fig. 9g—i, respec-
tively. In general, the higher the oxidation state of the sulfur
atom, the greater the electron bond energy in the 2p orbitals
(Landwehr et al., 2018). The groups can be observed by spec-
trum deconvolution in three peaks at 169.07 eV, 168.44 eV and
167.76 eV, corresponding to S—0O, S—O and S—C, respec-
tively (Yu et al., 2021). The allocation of different sulfur
groups to a specific bond energy refers to the dominant 2ps),
signal (Landwehr et al., 2018). The peaks of S=0O, S—O and
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Fig. 9  XPS spectra of C Is in (a), (b) and (c), O Is in (d), (e) and (f) and S 2p in (g), (h) and (i), for BC450-S, BC600-S and BC750-S

catalysts, respectively.

S—C very evident in the three catalysts confirm that the SO;H
groups were incorporated into the carbonaceous structure of
these materials (Yu et al., 2021). Thus, as proposed by
Landwehr et al. (2018) in which the sulfonic groups can be
inserted in the carbon chain or in the hydroxyl groups, it can
be assumed that the functionalization with sulfonic groups
occurred mainly directly in the carbon chain of biochars.
According to Konwar et al. (2019), the bond of the sulfonic
group can occur in the aliphatic or aromatic structures of the
carbon chain. With this, the slight displacement to higher bind-
ing energy in the spectra of catalysts BC600-S and BC750-S,
which implies an increase in representation of the S—=O band,
may be related to the predominant bond of the sulfonic groups
to the aromatic rings, since their carbonaceous precursors are
biochars with more polycondensed and graphitic structures in
relation to the BC450-S. Thus, due to the more heterogeneous
nature of the BC450-S catalyst and relating to the TG analysis
for this material, in which there was no well-defined mass loss
event for sulfonic and oxygenated groups, it was assumed that
the SO;H groups are distributed on the surface of this catalyst
in large numbers in the aliphatic structures of the carbon
chain. Therefore, from the XPS analyses, it is observed that
regardless of the degree of graphitization of biochars, the sul-
fonic groups were efficiently incorporated into the carbona-

ceous structures and may be distributed in aliphatic or
aromatic structures depending on the polycondensed structure
of the biochar.

3.2. Reusability and stability of the catalyst

The esterification reaction of oleic acid with methanol without
the presence of catalyst showed conversion of 6.50%, while the
esterification reaction in the presence of non-sulfonated bio-
chars showed conversion of 8.50% for BC450, 7.40% for
BC600 and 6.90% for BC750. These results reinforce the effec-
tiveness of the sulfonation process, since the use of biochars
without functionalization is not efficient in promoting high
conversions of free fatty in biodiesel. The results of the inves-
tigation of the catalytic activity and stability of catalysts, based
on the reuse process in four successive reaction cycles of oleic
acid esterification with methanol, are illustrated in Fig. 10.
The BC450-S catalyst (Fig. 10a) showed a variation in fatty
acid conversion from 96.30% =+ 1.193 in its first reaction cycle
to 45.40% <+ 1.011 in the second cycle, which represents a
great decrease in catalytic activity in the first reuse process.
On the other hand, the BC600-S catalyst (Fig. 10b) presented
better catalytic performance when compared to BC450-S.
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Fig. 10  Reusability and stability of catalysts: (a) BC450-S, (b) BC600-S and (c) BC750-S.

Conversion in the first reaction reached 98.10% =+ 1.136 and
decreased to 72.40% =+ 1.250 in the second reaction cycle.
However, it was possible to observe that the BC750-S catalyst
(Fig. 10c) maintained high catalytic performance, close to
90%, until the third reaction cycle. Therefore, the BC750-S
is characterized as a catalyst of better activity and catalytic sta-
bility in the tests employed. Thus, it can be stated that the
increase in carbonization temperature results in increased sta-
bility of the sulfonated carbon catalyst, probably because a
high carbonization temperature can promote stable polycyclic
aromatic carbon formation and therefore increase biochar sta-
bility (McBeath et al., 2015). According to observed by H/C
ratio of elemental analysis and Raman spectroscopy, higher
carbonization temperatures lead to biochars with a more poly-
condensate nature.

Leaching of the sulfonic groups is reported as one of the
main causes of catalytic efficiency reduction of sulfonated bio-
chars (Zhang et al., 2021). The elemental analysis, present in
Table 2, revealed that the BC450-S catalyst has greater leach-
ing of the sulfur element after the reuse processes, which con-
sequently will lead to a greater reduction of its catalytic
activity when compared to the others. The BC600-S catalyst
has not lost a large amount of sulfur, but the BC750-S has a
greater amount of sulfonic groups after reuse, which justifies
its better catalytic performance even though other factors such
as the loss of mass between reaction cycles, or the blocking of

active catalyst sites by product residues have contributed to the
deactivation of catalysts.

3.3. Influence of temperature and reaction time on catalyst reuse

The results obtained for the use and reuse of catalysts (first and
second reaction cycle) from Factorial Planning are shown in
Table 3. Experiments 1 through 7 refer to the BC450-S cata-
lyst, while those from 8 to 14 are related to BC600-S, and those
from 15 to 21 refer to the BC750-S catalyst.

In general, it is observed that in the first reaction cycle
almost all experiments showed high conversions (>80%),
except when the two variables (Temperature and Time) are
at low levels. In the second reaction cycle for the BC450-S cat-
alyst, only experiment 4, when the two variables are at a high
level, showed high conversion (~93%). For the BC600-S cata-
lyst, in the second reaction cycle, experiments 9 and 11
obtained conversions close to 90%, reinforcing the greater
reuse capacity of the BC600-S catalyst in relation to the
BC450-S. While the BC750-S catalyst showed most reactions
with high conversions (>80%), in which the decrease in con-
version rates occurred only when the temperature variable is
at a low level.

According to the investigation of reusability and catalytic
stability discussed above, the BC450-S catalyst showed a great
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Table 3 Experimental matrix and conversion results obtained for the first and second reaction cycles of the catalysts.

Catalyst Exp. Variables Response (Conversion — %)
Temperature (°C) V; Time (h) V, 1° Cycle (Ry) 2° Cycle (Ry)
BC450-S 1 70 (—1) 0.5 (=1) 48.30 24.80
2 120 (+1) 0.5 (=1) 97.30 58.85
3 70 (—1) 3(+1) 84.20 48.30
4 120 (+1) 3(+1) 97.80 93.30
5 95 (0) 1.75 (0) 97.60 58.20
6 95 (0) 1.75 (0) 97.10 56.80
7 95 (0) 1.75 (0) 96.80 53.60
BC600-S 8 70 (—1) 0.5 (—1) 64.60 25.80
9 120 (+1) 0.5 (=1) 98.30 86.30
10 70 (—1) 3(+1) 98.05 48.60
11 120 (+1) 3(+1) 98.10 97.60
12 95 (0) 1.75 (0) 98.30 69.00
13 95 (0) 1.75 (0) 98.30 66.20
14 95 (0) 1.75 (0) 98.20 70.20
BC750-S 15 70 (—1) 0.5 (—1) 58.00 17.30
16 120 (+1) 0.5 (1) 97.80 80.10
17 70 (—1) 3(+1) 97.80 27.10
18 120 (+1) 3(+1) 98.10 97.30
19 95 (0) 1.75 (0) 98.20 85.60
20 95 (0) 1.75 (0) 97.80 92.80
21 95 (0) 1.75 (0) 98.00 91.05

decrease in conversion rates in the first reuse process. Thus,
from experiment 4, it was possible to observe that the increase
in temperature and time in the reaction were able to maintain
high conversions in the two consecutive cycles, directly influ-
encing the reuse capacity of this catalyst.

Fig. S2 presents the graph of the Percentage of Effects and
graph of the normal probability for the first reaction cycle of
the catalysts. In the first reaction cycle of the BC450-S catalyst,
temperature was identified as the variable with the greatest
influence on the conversion of fatty acids into biodiesel
(Fig. S2a). This variable has a positive effect value
(Fig. S2b), so the increase in temperature in the investigated
interval will provide higher conversions. The variable time
and the linear interaction between time and temperature
showed similar influences (Fig. S2a), in which the time presents
a positive effect value and the interaction between time and
temperature has a negative effect value (Fig. S2b). In general,
temperature considerably influences the conversion rates of
free fatty acids, since the increase in temperature in the reac-
tion medium is closely related to factors such as mass transfer
between catalyst and reagents and the adverse effects of metha-
nol vaporization (Kefas et al., 2018; Ong et al., 2014). Thus, it
can be inferred that the optimal reaction condition for the
application of the BC450-S catalyst, in terms of catalytic sta-
bility, is the use of 120 °C temperature and 3 h of reaction
time, leading to biodiesels with conversions above 93%, either
in the first or second use.

Analyzing the data in Table 3 referring to the BC600-S cat-
alyst, the behavior is similar to the trend presented in the per-
formance of the BC450-S catalyst. However, the conversions
values, either in the first or second cycle are above 97%, when
the reactions are conducted at the higher levels, i.e. at a tem-
perature of 120 °C and reaction time of 3 h. Moreover, in
the first reaction cycle in all experiments using the BC750-S
catalyst, biodiesel conversions above 97% are achieved, except

for the experiment using the lower levels, represented in exper-
iment 15. However, when considering the reactions of the sec-
ond reaction cycle, only the experiments at the central point
and the experiment at the upper levels, show some mainte-
nance of catalytic activity to the BC750-S catalyst, making
the optimal reaction condition for this catalyst is at a temper-
ature of 90 °C and reaction time of 1.5 h, since under these
conditions the catalyst can maintain conversions above 90%.
Moreover, this condition represents a relatively lower cost
for the use of the catalyst in biodiesel synthesis, when com-
pared with the reaction condition using the temperature of
120 °C and reaction time of 3 h, which also presents in this
study high conversion in esters.

For the catalysts BC600-S and BC750-S, in the first reac-
tion cycle the effects of temperature and time, as well as their
linear interaction, were similar to each other, each accounting
for approximately 33% (Fig. S2¢c and e) of fatty acid conver-
sion rates. This fact could be attributed to strictly similar val-
ues (~97%) of conversions in reaction process.

The effect results obtained for the variables temperature
and time in the second reaction cycle of catalysts are exposed
in Fig. S3. For the BC450-S catalyst, as in the first reaction
cycle, the influence of the temperature variable is notorious
and accounts for about 60% of the effects on conversion rates.
The effect of the variable time starts to have greater influence
in the second cycle in relation to the first cycle (from 20% to
35%), with a positive effect value, while the linear interaction
between time and temperature was insignificant. In the second
reaction cycle of the BC600-S and BC750-S catalysts,
temperature stood out significantly as the factor with the
greatest influence on reaction cycles (Fig. S3c and e). The effect
of the variable time and the linear interaction between time
and temperature can be considered as not significant and
insignificant, respectively, within the limits investigated
(Fig. S3d and f).



Influence of pyrolysis temperature on functionalization

15

Table 4 Operational conditions in the synthesis of biodiesel and biomass used in the preparation of the sulfonated biochar catalyst.

Biomass Acid used in Reaction conditions FFA (%) FFA (%) in Reference

sulfonation T (°C) Molar ratio Catalyst t (h) the third

concentration (%) e

Bamboo powder H,SO, 65 8:1 10 8 98.0 84.7 Zhang et al., 2021
Corncob H,SO, 70 15:1 3 2 92.0 70.0 Ibrahim et al., 2020
Bioasphalt H,SO,4 220 16.8:1 0.2 4.5 95.0 N.R Shu et al., 2010
Oil palm empty fruit bunch 4-BDS 110 30:1 20 7 98.1 N.R Lim et al., 2020
Bamboo C¢H7NO;S 85 7:1 12 3 96.0 ~52.0 Niu et al., 2018
Orange peel H,SO, 65 20:1 5 4.5 91.7 38.1 Lathiya et al., 2018
Rice Husk H,SO,4 110 20:1 5 15 > 98.0 ~85.0 Li et al., 2014
Sargassum horneri H,SO, 70 15:1 10 3 96.4 68.7 Cao et al., 2021
Murumuru kernel shell H,S0, 90 20:1 5 1.5 98.4 89.4 This study

N.R = Not reported; BDS = Benzenediazonium sulfonate.

Since in the second reaction cycle there is less availability of
active catalyst sites in relation to the first reaction cycle, the
effects of reaction variables gain greater prominence in fatty
acid conversions. Thus, for the BC450-S catalyst, considered
as less stable in relation to the others (BC600-S and BC750-
S), its reuse process can be adapted by varying the reaction
conditions, increasing time and temperature, in order to main-
tain its high catalytic efficiency, without ruling out the possibil-
ity of reuse of the catalyst in question. Thus, it is possible to
adjust the reaction variables to improve conversion rates in
catalytic reuse processes, to use the maximum reuse capacity
of each catalyst within the limits of viable reaction parameters.
As recommended by the literature, temperature is a factor that
considerably influences the esterification reaction (Corréa
et al., 2020; Kefas et al., 2018; Oliveira et al., 2021), since,
depending on the other reaction variables, the process requires
a certain temperature to provide the activation energy needed
to protonate the carbonyl groups of fatty acid to achieve max-
imum conversion rates (Lokman et al., 2015).

3.4. Comparison of the catalytic activity of solid sulfonated
carbon-based catalysts

Table 4 shows the comparison of the biochar catalyst pro-
duced in this study with other solid sulfonated carbon-based
catalysts reported in literature applied to esterification reaction
in biodiesel production. Through the analysis of Table 4, it is
noticed that in the present study the catalyst BC750-S obtained
a biodiesel with high conversion in less severe reaction condi-
tions, as well as high catalytic stability throughout the three
reaction cycles, when compared with other studies, a fact that
corroborate the high potential of using the residual biomass of
murumuru kernel shell in the development of a new material
applied in the biodiesel production.

4. Conclusion

The properties of the sulfonated carbon catalyst, such as structure,
activity and catalytic stability, are greatly influenced by the carboniza-
tion temperature of biomass. The catalyst from carbonization at
750 °C presented the best catalytic performance and the highest stabil-
ity, with free fatty acids conversion of 98.35% = 1.105 in the first reac-
tion cycle and maintenance of this conversion at 89.35% =+ 1.197 in
the third reaction cycle when employed in the optimal reaction condi-
tion: reaction temperature of 90 °C, methanol to oleic acid molar ratio

of 20:1, catalyst concentration of 5% and reaction time of 1.5 h. Thus,
for direct pyrolysis processes, high carbonization temperatures trend to
promote more polycondensed biochars with greater catalytic activity
and stability. The increase of the variable time and especially the reac-
tion temperature can promote reuse processes with high conversion
rates to make the most of the capacity of each catalyst with different
stabilities. Thus, the present study contributes greatly to the synthesis
of new heterogeneous carbon-based acid catalysts applied in the bio-
diesel production process, since it evidences the impact of carboniza-
tion temperature on the insertion of sulfonic groups and their direct
correlation with obtaining more active and stable catalysts applied in
the esterification reaction. In addition, it reintegrates waste generated
in large quantities by the agroindustry into the chain of production
processes.
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