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Abstract: In the present work, we compared the chemical profile of the organic compounds produced
in non-catalytic pyrolysis of sugarcane bagasse at 500 ◦C with those obtained by the in-line catalytic
upgrading of the vapor phase at 350 ◦C. The influence over the chemical profile was evaluated by
testing two Ni-based catalysts employing an inert atmosphere (N2) and a reactive atmosphere (H2)
under atmospheric pressure with yields of the liquid phase varying from 55 to 62%. Major changes
in the chemical profile were evidenced in the process under the H2 atmosphere, wherein a higher
degree of deoxygenation was identified due to the effect of synergistic action between the catalyst
and H2. The organic fraction of the liquid phase, called bio-oil, showed an increase in the relative
content of alcohols and phenolic compounds in the GC/MS fingerprint after the upgrading process,
corroborating with the action of the catalytic process upon the compounds derived from sugar and
carboxylic acids. Thus, the thermal conversion of sugarcane bagasse, in a process under an H2

atmosphere and the presence of Ni-based catalysts, promoted higher deoxygenation performance of
the pyrolytic vapors, acting mainly through sugar dehydration reactions. Therefore, the adoption of
this process can potentialize the use of this waste biomass to produce a bio-oil with higher content of
phenolic species, which have a wide range of applications in the energy and industrial sectors.

Keywords: hydropyrolysis; hydrodeoxygenation; catalytic reform; sugarcane industries; fast pyrolysis;
bio-oilomics; mass spectrometry

1. Introduction

The challenges concerning the energy and industrial security of the future, and the
environmental problems related to the use of fossil fuels, have directed the pursuit of
energy and industrial chemical supplies to a matrix that is environmentally friendly and
widely available, such as biomass [1]. Due to its high abundance and potential for the
production of fuels and biochemicals, biomass became the foundation of today’s renewable
energy [2]. The sugar and ethanol industries play a significant role in the global economy
and the production of an important lignocellulosic residue, the sugarcane bagasse (SCB) [3].
SCB is one of the main agricultural residues produced in Brazil, which is the world leader
in sugarcane production with approximately 592 million tons produced in 2021 [4]. If we
consider that during the sugarcane processing, approximately 27% of bagasse is generated,
the production of SCB in Brazil in the year 2021 was equivalent to 160 million tons [5].

As a fibrous residue, with high volatile organic material content and low percentages
of ash and sulfur, SCB, through its thermal conversion, is an important biomass source for
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the renewable energy sector as well as for the chemical industry [6]. According to Schmitt
et al. [7], the use of SCB as a biomass source is particularly advantageous compared to other
wastes, since it is already produced and collected within the sugar refinery, which would
facilitate the implementation and integration of a process to convert biomass into bio-oil in
the sugarcane processing industry itself. Therefore, research into new technologies for the
conversion of sugarcane bagasse, or the study of the influence of modifications to existing
technologies, should be emphasized.

Pyrolysis is one of the most promising thermal conversion processes for producing
value-added products from biomass [8]. The pyrolysis process consists of the thermal
degradation of organic matter, in an inert atmosphere, to form pyrolytic gas, biochar, and
a liquid product, described as bio-oil, which is composed of an aqueous and an organic
phase [9]. Bio-oil is the main product obtained from the rapid pyrolysis of biomass and has
been considered as a potential renewable substitute to minimize the current dependence
on petroleum derivatives [10]. However, due to the low selectivity in the pyrolysis process,
the bio-oil produced presents an extremely complex composition and characteristics that
significantly hinder its direct use as fuel or chemicals, among them we can highlight the
high water content and high oxygen content, which gives the product a high chemical
and thermal instability, acid properties, and tendency to polymerization [11,12]. In this
context, aiming at the production of improved bio-oils, either less oxygenated or enriched
in compounds of interest for the industry, such as phenolic compounds, which, if produced
from a renewable material, can serve as an alternative to those derived from the oil industry,
some modifications to the pyrolysis process have been proposed in recent years [13,14].

Among them, the use of catalysts has proven to be a promising route. The process
of catalytic pyrolysis can occur in two different ways, in the in situ mode, in which the
catalyst is in direct contact with the biomass, the process is isothermal, and the catalyst acts
over biomass and vapor phase at the same time, and in the ex situ configuration, in which
the catalyst does not come in contact with the biomass, acting only over the vapor phase
from biomass pyrolysis occurring often at different temperatures [15]. Thus, the catalytic
pyrolysis process aims to improve the quality of the obtained bio-oil [13]. In this procedure,
the improvement of the quality of the bio-oil, through its deoxygenation, occurs mainly
via decarboxylation mechanisms, in which the oxygen from the molecules is removed in
the form of carbon dioxide (CO2); decarbonylation, in which the oxygen is released in
the form of carbon monoxide (CO); and by dehydration, in which the formation of water
(H2O) acts as a marker of this reaction pathway [16]. Nevertheless, the catalytic pyrolysis
process has major limitations, which are related to the accumulation of coke on the surface
of the catalysts, as well as a low carbon efficiency, since a large amount of carbon in the
pyrolytic vapors is converted into coke and gases such as CO2 and CO, resulting in a lower
yield of bio-oil, which usually still contains significant levels of oxygen [14]. Therefore,
to solve the problems mentioned above, the modification of the inert atmosphere of the
pyrolytic systems into a reactive hydrogen atmosphere favors the cracking of biomass, and
in conjunction with the use of catalysts in a process called catalytic hydropyrolysis, through
deoxygenation and hydrogenation reactions, promotes the production of a bio-oil of better
quality [10,17].

The addition of catalysts to the hydropyrolysis process is essential to increase the
carbon efficiency and reduce coke accumulation on the catalyst surface, because the syn-
ergistic effect between catalyst and hydrogen atmosphere minimizes the occurrence of
polymerization/condensation reactions, and consequently reduces the formation of coke
precursors [18]. The catalytic agent plays an important role in the hydrodeoxygenation and
catalytic reforming reactions of bio-oil, and for this reason, the selection and development
of catalysts for the hydrothermal treatment of bio-oils have been the subject of several
investigations [19]. Several noble metal catalysts, such as Ru, Pt, Mo, Pd, and Co, show
promise in catalytic processes. However, low availability and high cost are limiting factors
from an industrial point of view. Differently, nickel (Ni)-based catalysts have been shown to
be active in the catalytic treatment of bio-oils, and have been considered the most promising



Catalysts 2022, 12, 355 3 of 21

due to their high activity and affordability [7,20]. By applying Ni catalysts supported on
zeolites in the catalytic hydropyrolysis process of waste coffee powder, Ren et al. [21]
reported that by promoting macromolecule hydrocracking, alkylation, cyclization, and
aromatization reactions, the catalysts assisted in the production of a less oxygenated bio-oil
with higher aromatic hydrocarbon content. This result corroborates the work of Zhou
et al. [22], where the authors, when investigating the activity of Ni-based catalysts in the
process of deoxygenation of vapors produced from the hydropyrolysis of Camellia sinensis
residues, reported the production of a bio-oil 88% less oxygenated, and with high content
of chemical compounds of the energy matrix.

Nevertheless, although these are widespread catalysts, their use in the catalytic hy-
drolysis process of sugarcane bagasse is still poorly explored. In this context, this work
investigated the influence of the reaction atmosphere over the chemical profile of organic
compounds in the non-catalytic thermochemical conversion process as well as the catalytic
upgrading of the vapor phase by evaluating two Ni-based catalysts also over an inert
(N2) and reactive (H2) atmosphere. The molecular behavior of the chemicals produced
during the different processes was discussed, and the results of this research should be
of assistance in the proposition, implementation, and integration of bagasse conversion
processes in sugarcane industries to produce renewable-based chemicals, such as phenolic
compounds. To date, this is the first work to perform a comprehensive molecular char-
acterization to evaluate the catalytic hydropyrolysis process of sugarcane bagasse using
nickel-based catalysts.

2. Results and Discussion
2.1. Influence of the Processes on Product Distribution and Elemental Composition of Biochar

The non-catalytic and catalytic pyrolysis and hydropyrolysis experiments of SCB were
performed using a microreactor arranged horizontally, consisting of two in-line furnaces,
where the first was responsible for cracking the biomass at 500 ◦C and the second for the
ex-situ catalytic upgrading of the pyrolytic vapors at 350 ◦C. Both processes were carried
out under atmospheric pressure. Two Ni-based catalysts, one commercially available and
another prepared by the wet impregnation method, were used for the pyrolytic vapors
upgrading reactions. The commercially available catalyst, described as Ni-Cr (specific
surface area of 94 m2 g−1), is composed of 30 wt % Ni, 26 wt % NiO, 15 wt % Cr2O3,
and 1.5 wt % graphite, supported on diatomaceous earth. The second catalyst, Ni/SiO2
(specific surface area of 215 m2 g−1), is composed of 7.9 wt % Ni, supported on SiO2. The
average particle size of each catalyst was estimated by the Scherrer equation, through X-ray
diffraction analysis. The Ni/SiO2 catalyst had a value of 17.7 nm, while the Ni-Cr catalyst
had a value of 4.4 nm. More details on the catalysts used are available in the previous work
of Schmitt et al. [7].

Because this is a reactor composed of two connected furnaces operating at different
temperatures, the connection point between furnace 1 and furnace 2 was described as the
interface zone. Since the reactor was laid out horizontally, a fraction of the vapors produced
from the thermal conversion of biomass, in oven 1, condensed and remained static in this
interface zone, and this fraction was not affected by the catalytic reforming process, which
occurred in oven 2, since it did not interact with the catalyst bed. This fraction was defined
as the Heavy Liquid Fraction (HLF) as it consists of condensable organic compounds at a
temperature of 350 ◦C. The light liquid fraction (LLF) is the fraction that condenses after
the second furnace, at the exit of the reactor.

To determine the statistical significance between yields of the products obtained by the
different processes, the statistical treatment of the analysis of variance (ANOVA) was used,
considering a 95% confidence level, followed by the Tukey post hoc test [23,24]. Table 1
shows the yields of the non-catalytic and catalytic thermal conversion products of SCB
under N2 and H2 atmosphere, and Figure S2 of the Supplementary Materials describes the
results of the statistical test performed for each product separately.
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Table 1. Non-catalytic and catalytic pyrolysis and hydropyrolysis product yields.

Sample LLF (wt %) Gases (wt %) HLF (wt %) Biochar (wt %)

(N2)—SCB 61.83 ± 1.57 16.15 ± 1.29 1.68 ± 0.36 20.34 ± 0.92
(H2)—SCB 60.06 ± 0.96 17.22 ± 0.52 1.43 ± 0.06 21.29 ± 1.00

(N2)—SCB+Ni/SiO2 56.25 ± 0.69 20.88 ± 1.04 1.82 ± 0.32 21.04 ± 0.61
(H2)—SCB+Ni/SiO2 56.53 ± 0.35 19.58 ± 0.39 1.57 ± 0.16 22.32 ± 0.66

(N2)—SCB+Ni-Cr 55.13 ± 1.51 21.78 ± 0.65 1.96 ± 0.20 21.13 ± 1.00
(H2)—SCB+Ni-Cr 54.93 ± 0.41 22.39 ± 0.82 1.49 ± 0.13 21.19 ± 1.34

The pyrolysis of sugarcane bagasse in the inert atmosphere has been evaluated in
several studies in the literature; the yields obtained here—55–65 wt % liquids, 15–25 wt %
gases, and approximately 20 wt % solids—are in agreement with those reported in the
review by Toscano Miranda et al. [5]. Considering the change to the H2 atmosphere and
use of catalysts during the vapor phase upgrading, it was observed that only the LLFs
and gases produced during the upgrading processes were significantly affected for both
atmospheres, N2 and H2. ANOVA revealed that switching the reaction atmosphere from N2
to H2 in the non-catalytic process, i.e., comparing (N2)—SCB with (H2)—SCB, was not able
to significantly alter the distribution of the products obtained. According to Resende [25],
the replacement of the inert atmosphere of a fast pyrolysis system by a reactive hydrogen
atmosphere at atmospheric pressure, as used in this study, is not able to exert a strong
influence on the products obtained, which highlights the importance of adding a catalyst
to promote improvement in bio-oil quality. However, at high pressures, as described by Jan
et al. [26], the influence of the H2 atmosphere on product yields is higher when compared
to those obtained under an inert atmosphere, promoting greater gas formation during
the process.

Evaluating the influence of the catalysts on the experiments over an inert atmosphere
and adopting the non-catalytic pyrolysis experiment as a control, it was observed that
the addition of the catalysts to the reaction system resulted in a significant decrease in
the yield of LLFs and an increase in the gases (Figure S2). Regarding the LLF obtained
in the non-catalytic pyrolysis, it was observed that the SCB conversion was 61.83 wt %.
When the Ni/SiO2 catalyst was used, starting with an LLF yield of 56.25 wt %, a ≈9%
reduction in the yield of this product was determined compared to the control experiment,
while the addition of the Ni-Cr catalyst (55.13 wt % in LLF) caused a ≈11% reduction in
the conversion of biomass into LLF. Concerning the gases produced, a linear trend was
observed that was inversely proportional to the decrease in LLFs obtained in the catalytic
pyrolysis. The use of Ni/SiO2 and Ni-Cr catalysts promoted a gas yield of 20.88 wt % and
21.78 wt %, respectively, and when comparing these values with the yield of this product
in the non-catalytic pyrolysis process (16.15 wt % in gases), they represent increases of
≈29 and ≈34%, respectively. Considering that only the LLFs and gases from the processes
passed through the catalyst bed, we suggest that the catalysts have promoted an enhanced
cracking of the compounds contained in the light liquid fraction, which has resulted in the
increased formation of gaseous compounds when compared to the yield of the non-catalytic
process [27,28]. When comparing the LLFs and gases produced in the catalytic processes,
no statistically significant differences were observed between the yields of the products
obtained in (N2)—SCB+Ni/SiO2 and (N2)—SCB+Ni-Cr.

With respect to the process under the H2 atmosphere, the addition of the catalysts
to the process had a significant influence on the yields of LLFs and gases, as shown in
Figure S2 of the Supplementary Materials. In the non-catalytic hydropyrolysis, there was
determined the conversion of biomass to LLF equivalent to 60.06 wt %. Whereas a decrease
of ≈6% was observed for the yield of the referred product when the Ni/SiO2 catalyst was
employed (56.53 wt % in LLF). Regarding the Ni-Cr catalyst (54.93 wt % in LLF), a reduction
in the yield of LLF of ≈9% was determined. Similarly, to what was determined in the inert
atmosphere experiments, when using catalysts in the reactive atmosphere processes, the
same trend of reduced LLF yield and subsequent increase in the gas fraction was noticed. In
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the non-catalytic hydropyrolysis experiment, the gas production amounted for 17.22 wt %.
In the catalytic processes, yields of 19.58 wt % and 22.59 wt % were determined when
using Ni/SiO2 and Ni-Cr catalysts, respectively. In comparison with the activity of the
Ni/SiO2 catalyst, a higher production of gaseous compounds was observed in the Ni-Cr
catalyzed process, suggesting a higher activity in the hydropyrolysis process. The higher
nickel content present in this catalyst (≈6 times higher) was attributed as the determining
factor for the observed changes since the nickel content present in catalysts exhibits a strong
influence on their activity [29]. Furthermore, a higher nickel content promotes a higher
acidity of the catalyst, which helps increase the degree of deoxygenation and secondary
cracking of the vapors, thus reducing the yield of the liquid fraction and, consequently,
increasing the gas fraction [30,31].

With respect to the yields of the HLFs and biochars produced, these products were
not affected by the action of the catalysts, as they do not interact with the catalyst bed,
and considering that the only changes of the reactor atmosphere from N2 to H2, under
atmospheric pressure, did not influence such products, the yields of HLFs and biochars
remained unchanged. This observation corroborates the results obtained from the elemental
analysis of biochar samples, presented in Table 2.

Table 2. Elemental biochar analysis.

Sample C (wt %) H (wt %) N (wt %) O (wt %) a Ash (wt %)

(N2)—SCB 69.48 3.08 0.92 15.74 10.78
(H2)—SCB 69.28 2.98 0.85 17.07 10.00

(N2)—SCB+Ni/SiO2 69.55 2.77 0.84 16.64 9.97
(H2)—SCB+Ni/SiO2 68.91 2.82 0.84 18.01 9.90

(N2)—SCB+Ni-Cr 69.93 2.64 0.99 16.37 9.43
(H2)—SCB+Ni-Cr 69.33 3.08 0.85 16.78 9.96

a Determined by the difference.

The biochars produced during the processing of SCB, in an inert and reactive atmo-
sphere, presented similar compositions, evidencing that the evaluated processes did not
influence the composition of this product. Both samples presented average elemental
percentages of 69.4 wt % of C, 2.9 wt % of H, 0.88 wt % of N, and 16.8 wt % of O. From
the implementation of a thermal conversion process of SCB in sugarcane industries, the
produced biochar can be destined to soil applications, thus improving the production
capacity of sugarcane, as well as in applications for energy generation for industry [32,33].
On the basis of the observation that the gases and LLFs were the only ones influenced
by the processes, to evaluate the effect of the atmosphere alteration and catalyst insertion
over the chemical composition of these products, we conducted analyses for chemical
characterization. The gases were analyzed by GC-TCD, and the LLFs produced by the
different processes were characterized by GC/MS, for characterization of volatilizable
species, and by HESI(±)-FT-Orbitrap MS for analysis of semi-volatile and non-volatilizable
polar components.

2.2. Effect of the Processes upon the Composition of the Gaseous Products

Through the analysis of the non-condensable products, the following gases were
detected in their composition: CO2, CO, H2, and CH4. The results obtained in the quan-
tification of these species in the samples are presented in Figure 1, which are expressed in
terms of the amount of matter per kilogram of pyrolyzed SCB (mol kgSCB

−1). Details about
the statistical significance of the results of the analyses are available in Figure S2 of the
Supplementary Materials. When evaluating the influence that the atmosphere had upon
the chemical composition of the gaseous products, no significant changes were found in
the quantity of gases formed in the pyrolysis at the N2 atmosphere and hydropyrolysis (H2)
process, suggesting that the gas samples produced by these two processes are chemically
equal. It is worth noting that the H2 gas was not monitored in the hydropyrolysis process,
since it was the species responsible for the reaction atmosphere.
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Figure 1. Composition of the gaseous products: (A) non-catalytic and catalytic pyrolysis and (B) non-
catalytic and catalytic hydropyrolysis.

Assessing the influence of catalysts on the process in the N2 atmosphere (Figure 1A)
and adopting the non-catalytic pyrolysis experiment as a control, the usage of the catalysts
was observed to promote a higher formation of CO2 and H2, while the production of CO
and CH4 gases was not significantly affected (Figure S2). The production of CO2 in the
non-catalyzed pyrolysis was ≈2 mol kgSCB

−1 and of H2 was 0.12 mol kgSCB
−1. In the

Ni/SiO2-catalyzed process, a ≈44% increase in CO2 yield was observed, and a ≈116%
increment in H2 was produced. When the Ni-Cr catalyst was used, the amount of CO2
produced was increased by ≈72%, and that of H2 was raised by ≈634%. This result suggests
that in the catalytic pyrolysis process, nickel acted mainly through decarboxylation routes,
promoting CO2 formation through the cracking of RCO2H functional group molecules,
such as carboxylic acids and multifunctional structures present in the bio-oil, and via
aromatization, explained by the increased production of H2 [34]. Furthermore, when
comparing the two catalysts, it is observed that the Ni-Cr catalyst was more active in
promoting both reactions, which is explained by the higher amounts of the gases CO2 and
H2; this outcome can be attributed to the higher Ni loading present, as well as a possible
synergistic effect between the Ni and Cr [35,36].

For the process under hydrogen atmosphere (Figure 1B) and setting the non-catalytic
hydropyrolysis process as a control, it was observed that both catalysts tested promoted
higher CO and CH4 formation, while CO2 production remained significantly unchanged,
which might suggest a possible inhibition of decarboxylation reactions. However, under a
hydrogen atmosphere, nickel-based catalysts are well known to be selective in promoting
hydrogenation reactions of CO2 to form CH4, with CO and H2O constituting the main
byproducts of this process [37]. Pieta et al. [38], while evaluating the efficiency of Ni-based
catalysts in the reaction of hydrogenation of CO2 to methane, showed that the tested
catalysts were able to produce CH4 with a yield of ≈97%, evidencing the high efficiency of
these catalysts in the said process. Therefore, we suggest that, by the action of the catalysts,
the CO2 produced during the decarboxylation reactions was subsequently converted into
CO and CH4, keeping the yield of CO2 close to that obtained in non-catalytic hydropyrolysis.
In the Ni/SiO2-catalyzed process, the yield of CO and CH4 was increased by 20% and
770%, respectively. This compared to the non-catalyzed process, which produced 2.92 mol
kgSCB

−1 of CO and 0.05 mol kgSCB
−1 of CH4. When the Ni-Cr catalyst was added, the

production of these gases increased by 30% for CO and 2070% for CH4. The highest CH4
production was observed in the process catalyzed by Ni-Cr, which, due to its higher Ni
content, showed higher activity in the CO2 hydrogenation process [38].
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2.3. Influence of the Processes on the Composition of the Liquid Products
2.3.1. Chemical Characterization of Volatilizable Compounds by GC/MS

Through GC/MS analyses, between 102 and 125 compounds were detected in the LLFs
produced in non-catalytic and catalytic pyrolysis under different reaction atmospheres. In
total, about 55 to 64 chemical species were identified in the samples, resulting in the charac-
terization of ≈80% of the total area of the total ion current chromatograms (TICCs). The
identified compounds were grouped into different classes according to their main organic
functions, these being divided into alcohols, sugar derivatives, alkylphenols, methoxyphe-
nols, hydroxyphenols, phenols, carboxylic acids, nitrogenous, and furans. The chemical
distribution of these compounds is shown in the class histograms.

From Figure 2, it is observed that all LLFs exhibited the same majority classes, which
were as follows: alcohols, sugar derivatives, and phenolic compounds. Evaluating the effect
of the atmosphere alteration, it was observed that the LLFs produced in the pyrolysis under
inert atmosphere and hydropyrolysis process showed similar compositions (Figure S3 of
the Supplementary Materials). The main difference is related to the relative content of sugar
derivatives and alcohols. Under the H2 atmosphere process, there was a higher proportion
of sugar-derived molecules, whereas under the inert atmosphere process, the alcohols
had a higher relative content. We propose, for this result, that the H2 in the non-catalytic
hydropyrolysis process provided a better stabilization of the radicals formed during the
cracking of the biomass macromolecules (cellulose, hemicellulose, and lignin) [39]. As
a result of the stabilization of the sugar derivatives (formed mainly from the thermal
decomposition of cellulose), a restriction on the occurrence of secondary reactions was
promoted during the process, resulting in the partial inhibition of the secondary reactions
of cleavage and dehydration of these molecules to form alcohols.
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Figure 2. Histogram of classes of LLFs produced by (A) non-catalytic and catalytic pyrolysis, and
(B) non-catalytic and catalytic hydropyrolysis.

Assessing the influence of catalysts under inert atmosphere (Figure 2A) and adopting
the non-catalytic pyrolysis experiment as a control, it was noticed that the addition of
catalysts in the reaction system promoted an increase in the relative area of alkylphenols
and phenol, as well as a reduction in the percentage of hydroxyphenol- and carboxylic acid-
type compounds. The percentages of alkylphenols and phenol in LLF from the non-catalytic
process amounted to ≈11 and 1%, respectively. With the use of the Ni/SiO2 catalyst, an
increase of 22% in the alkylphenol content and 28% in the phenol content was achieved.
These values were even higher when the Ni-Cr catalyst was used, for which increases
of 28 and 50% were determined in the areas of alkylphenols and phenol, respectively.
With respect to hydroxyphenols, the addition of catalysts promoted a reduction of ≈24%
in the percentage of this class of compounds, when compared to the LLF produced in
non-catalytic pyrolysis, where a relative content of 6.29% of hydroxyphenol molecules was
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identified. Regarding carboxylic acids, it was observed that in the LLF produced in the
non-catalytic process, the relative content of these species was ≈8%, and when Ni/SiO2
and Ni-Cr catalysts were inserted into the process, the relative area of carboxylic acids was
reduced by factors of ≈60 and 46%, respectively.

The reduction in the percentage area of hydroxyphenols and increase in phenol and
alkylphenols suggests that the catalysts were active in promoting the partial dehydration of
hydroxyphenols, producing the phenol compound, and subsequently, through alkylation
reactions, the catalysts induced the formation of alkylated phenolics [40]. The reduction in
the relative content of carboxylic acids, on the other hand, was caused by the activity of the
catalysts in promoting decarboxylation reactions, since a higher production of CO2 was
found in the gaseous products that resulted from the catalytic processes. The production of
phenolics from carboxylic acids can occur via radical reactions with the insertion of hydroxyl
radicals (OH•) into the decarboxylated molecule, followed by aromatization to produce
phenol, which leads to increased H2 production in the gases, and alkylation mechanisms
can also occur, inducing the formation of compounds of the alkylphenol class [34]. Another
hypothesis to explain the production of alkylphenols from acids relates the decarboxylation
reaction of lignin-derived acid species such as p-coumaric acid, producing alkylphenols
such as 4-vinylphenol [41].

Evaluating the processes under H2 atmosphere (Figure 2B), and setting the non-
catalytic hydropyrolysis process as control, it was observed that the addition of catalysts
to the process resulted in a decrease in the relative content of carboxylic acids and sugar
derivatives, promoting an increase in the percentage of alcohols and phenolic compounds
of the alkylphenol and phenol type. Regarding the acids, the percentage of this class of
compounds in the LLF produced from the non-catalytic hydropyrolysis process amounted
for 8%. Similarly to what was observed in the inert atmosphere processes, the addition
of the catalysts promoted a ≈65% reduction in the content of acids present in both LLFs
coming from the catalytic hydropyrolysis processes, proving that, in the H2 atmosphere,
the catalysts also have activity to promote decarboxylation reactions forming CO2, which
was subsequently converted to CO and CH4 from its reduction and hydrogenation, respec-
tively [37,38], as discussed in Section 2.2.

Regarding the sugar derivatives, in the catalytic processes under the H2 atmosphere, it
was observed that the catalysts promoted a reduction in the relative area of the compounds
of this class. In non-catalytic hydropyrolysis, the relative area of the compounds of the
sugar derivatives classes amounted to ≈23% of the total chromatogram area. Whereas in
the Ni/SiO2 and Ni-Cr catalyzed processes, the relative content of this class of compounds
was reduced by ≈13 and 28%, respectively. Furthermore, in the catalyzed processes, there
was an enhancement in the relative area of compounds of the class of alcohols, alkylphenols,
and phenol monomer. In the LLF produced via non-catalytic hydropyrolysis, the relative
area of these classes was equivalent to 18.50% for alcohols, 10.47% for alkylphenols, and
0.97% for phenols. In the process catalyzed by Ni/SiO2, an increase of ≈7% in the relative
content of alcohols, ≈24% in the percentage of alkylphenols, and ≈81% in the relative
area of the phenol compound was observed. In the process using the Ni-Cr catalyst, there
were increases of ≈11, ≈28, and ≈225% in the percentage of alcohols, alkylphenols, and
phenols, respectively. A possible explanation for the conversion of sugar derivatives to
alcohols and phenols relates the dehydration process of sugars to form oligomeric furan
structures (pyrolytic humins) [42], which, in the presence of acid catalysts, and through
alkylation, decarbonylation, and decarboxylation reactions can subsequently be converted
to alcohols and phenols [43,44]. Furthermore, the largest changes were observed when the
Ni-Cr catalyst was used, hence being more active for sugar conversion, an activity that may
stem from the higher Ni content as well as the synergistic effect of the Cr present in the
catalyst [45].

Another hypothesis to explain the increase in phenols relates to the occurrence of
active radical stabilization in the catalyzed processes, since nickel, under H2 atmosphere,
promotes the division of molecular hydrogen into active atomic hydrogen species, forming
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radicals (H•), increasing the reactivity of the reaction system [20,46]. On this basis, we
propose that in the processes with the action of the catalysts, the major production of
the phenol compound comes from radical reactions between the phenoxyl radical, which
comes from the cracking of the biomass constituents and/or secondary cleavage of the
vapors, with the hydrogen radical, which is believed to be present in greater availability in
the reaction media. Moreover, since in the process using the Ni-Cr catalyst, this increase
in phenol content was more significant, we suggest that the greater amount of Ni present
in the catalyst has promoted greater activation of hydrogen available in the system, and
consequently an enhanced reactivity during the process catalyzed by Ni-Cr [47].

For both processes, either in an inert or reactive atmosphere, the use of catalysts
promoted the production of a bio-oil with a lower percentage of acidic species and higher
relative content of phenolic monomers. However, under a reactive atmosphere, a higher
catalytic activity was evidenced, which is explained by the higher reactivity of Ni in the
presence of H2 [20]. In this process, the catalysts used, principally the Ni-Cr catalyst,
through the conversion of sugars and carboxylic acids, were more selective to produce a
less oxygenated and more stable bio-oil, as well as with a higher content of phenolic species,
mainly compounds of the alkylphenol and phenol monomer type, which have a high poten-
tial to serve as an alternative to petroleum-based phenols in applications such as non-ionic
surfactants, antioxidant additives for the fuel industry, phenolic resins, and agrochemical
products, and are thus compounds of high value and industrial application [27,46].

2.3.2. Molecular Characterization of Polar Compounds by UHRMS

Bio-oil is a complex, highly functionalized mixture with a high oxygen content, which
makes it a highly polar matrix. This high polarity is one of the factors that limit the
use of GC-based techniques in the characterization of bio-oils, which in turn are only
capable of analyzing volatilizable components at operating temperature. In this context,
to characterize the semi-volatile and non-volatile polar species present in the produced
LLFs, ultra-high resolution mass spectrometry (UHRMS) technology, specifically HESI(±)-
FT-Orbitrap MS, was used. The recent use of (UHRMS) has allowed for the assignment
of molecular formulas to thousands of detected ions with high accuracy (error < 5 ppm),
which enabled the characterization of samples at the molecular level, and hence made
it possible to evaluate the effect of variables in the pyrolysis process [48] and catalytic
processes [49], and more recently, we applied UHRMS to evaluate the influence of scale-up
and reactor configuration on the chemical composition of cattle manure bio-oil [50].

Regarding UHRMS analysis, the use of electrospray ionization source (ESI) is the most
widely adopted in the analysis of pyrolytic oils [51]. Thus, considering the high polarity of
compounds present in bio-oils, ESI was used, as it allows a higher sensitivity for ionization
of medium to high polarity species, for example, sugars and basic species, ionized mainly
in the positive mode of ionization through the formation of [M+Na]+ and [M+H]+ type ions,
and phenolic compounds and acidic species, ionized in the negative mode of ionization
through the formation of [M−H]− [52,53]. From the analysis by UHRMS, the ionized
compounds that had their molecular formula assigned were grouped into chemical classes
according to the number of heteroatoms and analyzed using van Krevelen diagrams for
speciation of possible reaction routes occurring in non-catalytic and catalytic pyrolysis and
hydropyrolysis processes [54,55].

Negative-Mode (HESI(−)-FT-Orbitrap MS)

From the analyses of the LLFs by HESI(−)-FT-Orbitrap MS, between 2830 and 3173 ions
were detected, of which molecular formulas were assigned to 1678–1870 species, resulting
in an assignment of ≈60% of the ions detected in the LLFs. After processing the data, the
results obtained were organized into class histograms (Figure 3).
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Figure 3. Histograms of classes of the LLFs produced by the processes in (A) inert atmosphere and
(B) reactive atmosphere, analyzed by HESI(−)-FT-Orbitrap MS.

As shown in Figure 3, it was observed that all LLFs presented only classes of oxy-
genated compounds, containing from 2 to 12 oxygen atoms in their structure. Among
these, the O2–5 classes were the majority in all samples. Evaluating the effect of atmosphere
alteration on the acidic polar compounds, it was observed that LLFs produced in the
pyrolysis (N2) and hydropyrolysis (H2) process showed a similar class distribution, with
no significant variations in class intensities (a comparison of these processes is available in
Figure S5 of the Supplementary Materials). This result corroborates what was observed
throughout this study, in which only the change of atmosphere from N2 to H2, under
low pressures, does not exert a strong influence on the thermal conversion process, and
therefore the products will have similar compositions [25].

When the effects of the use of catalysts were evaluated, it was observed that both cata-
lysts (Ni/SiO2 and Ni-Cr), under inert atmosphere, promoted a reduction in the intensity
of the most oxygenated classes (O5–12) and an increase in the classes of compounds with
low oxygen content, containing two and three oxygen atoms in their structure. Summing
the relative intensity of the O5 to O12 classes, a value of ≈47% was obtained in the LLF
of pyrolysis, while the Ni/SiO2-catalyzed process reduced this value by a factor of ≈18%,
and the Ni-Cr catalyzed process, by ≈23%. For O2 and O3 classes, the sum of the relative
intensities resulted in 31.60% in LLF for the non-catalytic process, and when using Ni/SiO2
and Ni-Cr catalysts in the process, this value was increased by factors of ≈26 and ≈35%,
respectively, indicating that compounds with higher amounts of O are converted into
less oxygenated species. Furthermore, the largest changes were exhibited in the Ni-Cr
catalyzed process, corroborating the discussion regarding the higher activity of this catalyst,
attributed to its higher Ni content when compared to the Ni/SiO2 catalyst.

In the LLFs produced under the H2 atmosphere, it was observed a reduction in the
intensity of the species containing 4 to 12 oxygen atoms in their structure, and an increase in
the intensity of the O2 and O3 classes. In the non-catalytic hydropyrolysis the O4–12 classes,
altogether, showed a relative intensity of 69%. This value was reduced by ≈20% and ≈31%
when Ni/SiO2 and Ni-Cr catalysts were used, respectively. Concerning classes O2 and O3,
when combined they presented a relative intensity of ≈31% in the non-catalytic process.
With the addition of Ni/SiO2 and Ni-Cr catalysts, the relative intensity of these classes
increased by factors of ≈43 and 70%, respectively. This result is corroborated by the higher
reactivity of Ni in the hydrogen atmosphere, which in turn promoted a higher degree of
conversion of more oxygenated molecules into species with a lower oxygen content [20,46].

The visualization of the data obtained via UHRMS in the van Krevelen diagram is an
effective way to identify possible reaction mechanisms [56]. The slopes and intercepts of
the lines in the van Krevelen diagrams and the shift of the intensities of the compounds in
the regions established by the atomic ratios (H/C and O/C) can be visually associated with
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cracking reactions and/or addition and/or removal of certain functional groups such as
H2O, CO2, CO, CH4, and H2 [55]. The van Krevelen diagrams of H/C vs. O/C constructed
for all classes found in LLFs are presented in Figure 4.
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Figure 4. Van Krevelen diagrams for all classes of oxygenated compounds analyzed by HESI(−)-FT-
Orbitrap MS.

On the basis of the analysis of van Krevelen diagrams, it was observed that the pro-
duced LLFs showed a higher content of compounds located in the region of H/C = 0.5–1.8
and O/C = 0.1–1.0. The modification of the atmosphere did not change the molecular
profile of the samples obtained in the non-catalytic pyrolysis and hydropyrolysis processes.
However, when evaluating the catalytic processes, it was observed that the catalysts pro-
moted a reduction of the species present in the region of H/C ratio > 1.4 and O/C > 0.5
(area highlighted in red in Figure 4), which includes the region characteristic of compounds
derived from sugars [49] and promoted an increase in the intensities of compounds in
the range of H/C = 0.8–1.4 and O/C < 0.5 (area highlighted in black), which englobes
the region of phenolic compounds [57]. For the pyrolysis under an inert atmosphere, the
largest changes were evidenced when the Ni-Cr catalyst was used, and this result remains
the same for the process under reactive atmosphere. However, when comparing the activity
of the same catalysts in the different atmospheres, it was observed that in the presence of
H2, there was an enhanced catalytic activity, which can be seen by the greater changes in
the molecular profile of the samples.

The decrease of compounds in the region of higher H/C and O/C ratios, characteristic
of sugar derivatives, and the increase in the intensity of compounds present in the region
attributed to phenolic compounds by Reymond et al. [57], corroborates the results obtained
from the analyses of LLFs by GC/MS, where an increase in the relative area of phenolics
and a reduction of sugar-derived species was observed. We suggest that this result is char-
acteristic of dehydration reactions of sugar derivatives to form pyrolytic humins (a reaction
that can be explained by the reduction of H/C and O/C following a diagonal trend [55]),
which then undergo alkylation, decarbonylation, and decarboxylation, producing phenolic
compounds [42,43]. The result of dehydration of sugar derivatives in the catalytic processes
and formation of humin structures can be best visualized from the analysis of LLFs using
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HESI ionization in the positive mode, since it is the most suitable ionization mode for
analysis of these species [49].

Positive-Mode (HESI(+)-FT-Orbitrap MS)

Between 4381 and 5923 ions were detected in the analyses of LLFs by HESI(+)-FT-
Orbitrap MS, of which molecular formula 2566–2965 species were assigned, resulting in
an assignment of 46 to 62% of the ions detected in the LLFs produced by the different
processes. After processing the data, the results obtained were sorted into histograms of
classes and are available in Figure 5.
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Figure 5. Histograms of classes of the LLFs produced by the processes in (A) inert atmosphere and
(B) reactive atmosphere, analyzed by HESI(+)-FT-Orbitrap MS.

The LLF samples exhibited the same classes of compounds, which contain mainly
Ox-type species (x = 2–11), and, in smaller proportions, nitrogen species of the classes
O1N1, O2N1, O1N2, and N2. Regarding the composition in terms of the class distribution
of the LLFs produced in the pyrolysis and non-catalytic hydropyrolysis processes, it was
confirmed, as well as in the quantitative and qualitative analyses of the products obtained
by these processes, that there was a low influence of the atmosphere on the compounds
analyzed in the positive mode (the comparison between the samples is available in Figure
S6 of the Supplementary Materials). However, when adding the catalysts to the process,
the tendency to convert the more oxygenated molecules into species with a lower oxygen
content was noticed (Figure 5). The O2–4 grades had their relative intensities increased with
the addition of the catalysts to the process, while the classes with higher oxygen content
molecules (O6–11) had their relative intensities reduced. For the nitrogen classes, no changes
were observed.

Regarding pyrolysis under inert atmosphere and adopting the non-catalytic process
as a control, it was observed that the intensity of classes O6–11 (≈48% in the non-catalytic
process) reduced by ≈29 and 37% when using the Ni/SiO2 and Ni-Cr catalysts, respectively.
In the LLF produced from non-catalytic pyrolysis, the intensity of the summed O2–4 classes
was 26.71%., while when the Ni/SiO2 catalyst was used in the process, the intensity of
the compounds of these classes increased by ≈50%. In addition, in the Ni-Cr-catalyzed
process, the intensities of O2–4 classes increased by a factor of 69%. More significant results
were observed in the H2 atmosphere process. In this process, the Ni/SiO2 and Ni-Cr
catalysts promoted increases of ≈74 and 96% in the intensity of classes O2–4, compared
to the non-catalyzed process, in which these classes, when added together, presented
relative intensity of ≈28%. Aligned with the formation of less oxygenated molecules is the
reduction of more oxygenated structures. In the non-catalytic process, the intensity of the
classes containing 5 to 11 oxygen atoms in their structure was ≈47%. Conversely, when
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using the Ni/SiO2 and Ni-Cr catalysts, the intensity of these classes was reduced by factors
of ≈40 and 49%, respectively.

To confirm the hypotheses raised about the activity of catalysts in promoting dehydra-
tion mechanisms of sugars, van Krevelen diagrams of H/C vs. O/C were constructed for
the O2–11 classes of compounds present in the LLFs, available in Figure 6.
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Figure 6. van Krevelen diagrams for the classes of Ox-type compounds (x = 2–11) analyzed by
HESI(+)-FT-Orbitrap MS.

For all LLFs, the oxygenated compounds are most abundantly distributed in the region
of H/C ≥ 1 and O/C between 0.1 and 1 in the van Krevelen plots. The profile plots of the
samples produced from the non-catalytic processes showed that the molecular distribution
of the compounds did not change in terms of atomic ratios. With respect to the catalytic
processes, it was observed that the catalysts acted to reduce the relative intensities of the
compounds located mainly in the range H/C > 1.0 and O/C = 0.1–1.0 (region demarcated
in the diagram). The largest changes occurred in sugar derivatives at H/C > 1.5 and
O/C > 0.6 [49], which was most evident in processes under the H2 atmosphere, especially
in the Ni-Cr-catalyzed process.

The results of the analyses of LLFs in the positive mode suggest routes of conversion
of sugars into molecules with H/C ratios = 1.0–1.5 and O/C = 0.1–0.5, characteristic of py-
rolytic humin structures, which are products of the dehydration of sugar structures [42,56].
As an example, we can consider the dehydration of the molecules highlighted in the dia-
grams in Figure 6, where molecule 1 (C6H10O5) undergoes dehydration, resulting in the
formation of molecule 2 (C6H6O3), as well as molecule 3 (C8H14O6), which can be dehy-
drated and after complementary reactions form compound 4 (C9H12O3) and 5 (C11H14O3).
The proposed structures for these molecular formulas are shown in Figure 7, schemes 1 and
2, respectively. Zhang et al. [43] describes that these dehydrated structures can undergo
alkylation, decarbonylation, and decarboxylation reactions, yielding phenolics, which is
corroborated by the data from the characterizations of the liquid fractions by GC/MS and
by HESI(−)-FT-Orbitrap MS.
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Through the dataset obtained from the characterization of LLFs by UHRMS, it was
possible to obtain relevant knowledge about the activity of catalysts under an inert or
reactive atmosphere. In both processes, the use of Ni/SiO2 and Ni-Cr catalysts in the
thermal conversion process promotes the deoxygenation of bio-oil through the conversion
of more oxygenated compounds into species with lower oxygen content, and with similar
reaction mechanisms. From the analysis of van Krevelen diagrams, it was observed that,
regardless of the atmosphere, the catalysts are active in the conversion of species with
higher H/C and O/C ratios, such as sugar derivatives, into less oxygenated and aromatic
compounds, such as the phenolics, acting mainly by dehydration reactions, although in the
hydropyrolysis process, a greater degree of deoxygenation was evidenced due to the greater
reactivity of Ni in the H2 atmosphere, as previously mentioned. Even though the catalysts
showed similar reaction mechanisms, the Ni-Cr was the most active in deoxygenating the
bio-oil, which may be the effect of a higher nickel loading, as well as due to the presence of
chromium in its composition. By correlating the results of the analysis by UHRMS with
the data from the characterization of LLFs by GC/MS and of gases by uGC-TCD, it was
observed that the catalysts were active mainly in the dehydration of molecules derived from
sugars and, through other mechanisms reactions, such as decarboxylation, decarbonylation,
and alkylation, were selective for the production of phenolic species, increasing the content
of these compounds in the bio-oil and, consequently, increasing the potential of using the
product as an industrial raw material and a renewable source of chemical inputs of high
added value, allowing greater economic return for the sugar-energy industries.

3. Materials and Methods
3.1. Materials

The sugarcane bagasse was collected at the sugarcane biorefinery, located in Iracemápolis,
São Paulo, Brazil. After collection, the biomass was air-dried to reduce the residual moisture
of the sample to a content below 10%. After the drying period, the SCB was subjected to a
milling process using an SK100 transverse beater mill to produce particles ≤ 2 mm. Next,
the SCB was subjected to immediate and elemental analyses. The procedure and results of
the biomass characterization analyses are available in the feedstock characterization section
of the Supplementary Materials.
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3.2. Experimental Procedure
3.2.1. Micro-Scale Non-Catalytic and Hydropyrolysis Experiments

As previously mentioned, the catalytic and non-catalytic pyrolysis and hydropyroly-sis
experiments were performed under atmospheric pressure, using a microreactor constituted
of two connected furnaces, where the first operated at 500 ◦C and the second at 350 ◦C.
In each of the furnaces, a heating element was connected to temperature controllers for
heating the system. The reactor section consists of a borosilicate glass tube (500 × 4 mm)
crossing for the two furnaces. Nitrogen (N2) or hydrogen (H2) were introduced in the initial
section of the pyrolysis reactor. On the other reactor side, at the exit of pyrolysis vapors, a
cartridge containing activated carbon and glass wool was arranged, functioning as a trap
to capture the produced bio-oil. The microreactor layout is illustrated in Figure 8.
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Figure 8. Micro-scale pyrolysis reactor.

Approximately 50 mg of SCB and 25 mg of catalyst were introduced inside the tube,
both supported with glass wool, as shown in Figure 8. After the mass weighing step, the
tube was inserted into the heating system, and before the experiment, for total oxygen re-
moval, the tube was purged for 2 min using the gas responsible for the reaction atmosphere
under a flow rate of 5 mL min−1, which was kept the same throughout the process. Then,
the furnace 2 was heated up to a temperature of 350 ◦C. After this procedure, concomitant
with the beginning of the experiment, furnace 1 was heated at a rate of ≈250 ◦C min−1 until
it reached a temperature of 500 ◦C, and it was kept at this temperature for 30 s. Afterwards,
the system was turned off and cooled down to room temperature with the support of a
cooler fan. It is worth mentioning that during the entire process, the gaseous product
formed was collected in sample bags and analyzed immediately using an Agilent 490
Micro-GC Biogas Analyzer system.

When the reactor reached room temperature, the fraction of chemical compounds that
condensed after the catalyst bed at the outlet of the second furnace, named light liquid
fraction (LLF), was eluted with the solvent tetrahydrofuran (THF), previously distilled, and
collected in a volumetric flask with a capacity of 5 mL. The volume was transferred to an
amber flask for storage and further analysis. The heavy liquid fraction (HLF), the portion
that condensed in the interface between the two furnaces (Figure 8), with a temperature
zone between 500 and 350 ◦C, was eluted with THF. The solvent was then evaporated
at room temperature and subsequently had its mass measured for mass balances. The
explanation about the fractionation of the total liquid product into LLF and HLF, as well as
the detailed procedure for recovery of the products separately, is available in the LLF and
HLF recovery process section of the Supplementary Materials. To facilitate the reading and
interpretation of the data, each process performed was identified according to the following



Catalysts 2022, 12, 355 16 of 21

nomenclature code: (Atmosphere) − SCB + Catalyst. To minimize the influence of random
errors, all the processes described here were performed in triplicate.

3.2.2. Gravimetric Yields

Prior to each experiment, the mass of the reactor containing the biomass and catalyst
was measured, and on the basis of this, the yield of non-condensable gases was deter-
mined through the difference of the mass of the tube before and after the thermochemical
conversion process, as shown in Equation (1).

YGases =

(
Mi − Mf

MSCB

)
× 100 (1)

where the terms Mi and Mf correspond to the mass of the reactor before and after the
pyrolysis process, respectively, and MSCB is the mass of biomass used. After the gravimetric
determination of the gases, the reactor was washed with solvent to recover the liquid
product (LLF + HLF), and then, to evaporate the solvent residue, the reactor was left to
stand for 24 h. After this period, the biochar was removed from inside the reactor and had
its mass measured. The yield was determined according to Equation (2).

YBiochar =

(
MBc

MSCB

)
× 100 (2)

where the term MBc refers to the mass of biochar. The liquid product produced was
separated into light and heavy fractions. The heavy fraction was eluted with THF and
collected in a 2 mL flask of known mass. The solvent was then evaporated at room
temperature, and its mass was subsequently measured. Its yield was calculated according
to Equation (3).

YHLF =

(
Mv − Mvs

MSCB

)
× 100 (3)

where the terms Mv and Mvs correspond to the mass of the flask without sample and
with the sample after evaporation of the solvent, respectively. The yield of the light liquid
fraction was determined by difference, as described by Equation (4).

YLLF = 100 − (YGases + YBiochar + YHLF) (4)

3.3. Analytical Methods
3.3.1. Biochar Characterization

Elemental analysis of the biochar samples obtained during the thermal and catalytic
processes was performed using a LECO CHN628 elemental analyzer, and the results were
treated in LECO CHN628 Software ver. 1.30 (St. Joseph, MI, USA). The equipment was
operated with helium (99.995%) and oxygen (99.99%), with furnace temperature at 950 ◦C
and post-firing temperature at 850 ◦C. Other parameters were adjusted for better sensitivity.
The equipment was calibrated with an EDTA standard (41.0% C, 5.5% H, and 9.5% N) using
a mass range between 10 and 200 mg. The samples were analyzed using 30.0 mg on tin
foil. The ash content present in the biochar samples was estimated on the basis of the ash
content present in the biomass, mass of biomass used in the thermal conversion process,
and the biochar yield as shown in Equation (5).

AshBC(wt%) =
(AshSCB × MSCB)

(YBC × MSCB)
=

AshSCB

YBC
(5)

where AshSCB refers to the ash content present in the biomass and YBC corresponds to the
obtained biochar yield.
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3.3.2. Characterization of the Gaseous Products by µGC-TCD

Analysis and quantification of the gaseous products obtained from non-catalytic and
catalytic pyrolysis and hydropyrolysis were performed using an Agilent 490 Micro-GC
Biogas Analyzer (Santa Clara, CA, USA) system equipped with a thermal conductivity
detector (TCD). The system consisted of a two-channel module, with a CP-Molsieve 5A
column in the first channel and a CP-PoraPLOT U column in the second channel. Each
column had a length of 10 m.

The hydrogen (H2), oxygen (O2), nitrogen (N2), and carbon monoxide (CO) produced
were quantified using the first column, with argon as the carrier gas. The second column
was used for the quantification of CO2 and CH4, with helium as the mobile phase. A stan-
dard gas mixture consisting of H2, N2, CH4, CO, CO2, C2H6, C2H4, and C3H8 was used to
calibrate the instrument for gas composition quantification. The operating conditions were
as follows: injector temperature of 50 ◦C, with 50 ms injection; initial pressures of 25 and
20 psi in the first and second channels, respectively; oven temperatures of 70 and 50 ◦C in
the first and second channels, respectively. The analysis time was 140 s.

3.3.3. Characterization of the Liquid Products by Gas Chromatographic/Mass
Spectrometry (GC/MS)

The analysis of bio-oils by GC-based methods is usually performed directly, i.e., with-
out including a process of prior treatment of the sample. However, this form of analysis does
not allow good volatilization, nor sensitivity, for the analysis and detection of functional-
ized species such as phenols, carboxylic acids, sugar derivatives, and others present in large
quantities in the bio-oil. To solve these problems and provide a better chemical characteriza-
tion, the bio-oil needs to undergo a derivatization step [58,59]. Thus, the solutions contain-
ing the LLFs obtained from each of the thermal conversion processes were subjected to the
derivatization process by silylation, employing N,O-bis(trimethylsilyl)trifluoroacetamide
(BSTFA) as the derivatizing agent. First, 20 µL of the derivatizing agent was added to 60 µL
of the solution containing the sample in THF. Then, the resulting solution was kept tightly
closed and heated at 60 ◦C for 30 min. After this period, the samples were directed to gas
chromatography/mass spectrometry (GC/MS) analysis.

Analysis of the produced LLFs was performed using a Thermo-Fisher Scientific model
TRACE 1310/TSQ 9000 system (Thermo-Fisher Scientific, Austin, TX, USA) equipped with
an NA-5MS column (60 m × 0.25 mm; 0.25 µm). The oven temperature was programmed
as follows: 50 ◦C (2 min); 5 ◦C min−1 until 290 ◦C (maintained for 10 min). The carrier gas
used was helium, at a constant flow rate of 1 mL min−1. The injector was operated at 280 ◦C,
in split mode (1:20), with an injection volume of 1 µL. The mass spectrometer was operated
in electron ionization mode (70 eV), with scanning in the mass range (m/z) from 40 to
550 Da, and the interface temperature was 290 ◦C. The data were further processed using
Chromeleon 7.2 software (Thermo Scientific, Sunnyvale, CA, USA), and compounds were
identified by comparing the experimentally obtained spectra with the NIST 2017 spectral
library databases ver. 2.73 (Gaithersburg, MD, USA), considering only those species for
which the correspondence with the library spectra was greater than 75%.

3.3.4. Characterization of the Liquid Products by Heated Electrospray Ionization Coupled
to a Fourier Transform Orbitrap Mass Spectrometer (HESI(±)-FT-Orbitrap MS)

LLF samples were prepared as follows: aliquots of 50 µL of the solutions containing
the samples in THF were diluted in 950 µL of methanol to obtain final solutions of con-
centrations of 200 µg mL−1. For UHRMS analysis in negative and positive ion modes, a
Orbitrap Exactive Plus instrument (Thermo-Fisher Scientific, Bremen, Germany) equipped
with an Ion Max API source with HESI-II probe was used. Mass spectra were acquired
with a mass resolution of 140,000 FWHM (full width at half maximum) at m/z 200. For the
negative ion mode, the conditions were as follows: sheath gas flow, 15 arbitrary units (AU);
auxiliary gas flow, 5 AU; sweep gas flow, 2 AU; ion source temperature, 30 ◦C; capillary
temperature, 320 ◦C; spray voltage, −4.0 kV; and scanning range, 100–700. For the positive
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ion mode, the conditions were as follows: sheath gas flow, 25 AU; auxiliary gas flow, 0 AU;
sweep gas flow, 0 AU; ion source temperature, 80 ◦C; capillary temperature, 320 ◦C; spray
voltage, +3.8 kV; and scanning range, 100–700.

In both ionization modes, the final mass spectrum of each sample was obtained after
subtraction of the mass spectrum of the blank. Data processing was performed using
Xcalibur 3.0.63 software (Thermo-Fisher Scientific, Inc.). To ensure accurate assignment of
molecular formulas, the composition constraints were adjusted to allow the assignment of
isotopic formulas containing 12C, 1H, 16O, 14N, and 23Na, and a tolerance error ≤ 3 ppm.
The criteria for assigning the molecular formula to the ions detected in the negative mode
were as follows: 12C4–50, 1H4–100, 14N0–3, and 16O0–15; double bond equivalent (DBE) 0–35;
and charge −1. For the positive mode, on the other hand, the criteria were as follows:
12C4–50, 1H4–100, 14N0–5, 16O0–15, and 23Na0–1; double bond equivalent (DBE) 0–35; and
charge +1. After the elemental compositions were assigned, the data were transported
to Microsoft Excel for consistency analysis of the molecular assignment, employing the
criteria reported in [60], and construction of class histograms and contour plots, where only
ions with relative intensity ≥ 0.01 were considered.

4. Conclusions

The results showed that the change of the reaction atmosphere in the non-catalytic
thermal conversion process of sugarcane bagasse, under atmospheric pressure, did not
affect the yields of the products obtained, as well as causing no change in the chemical
compositions of pyrolytic products. Analyzing the influence of the use of catalysts in
the processes, and comparing with the non-catalytic processes, increases of up to 31%
in the yields of the gaseous products and reductions of up to 9% in the yields of LLFs
obtained were observed, which is also reflected in the change in the chemical composition
of these products. The largest changes were observed in the processes under the H2
atmosphere, in which the Ni-based catalysts showed higher activity. Considering the
catalytic experiments under hydrogen atmosphere, the influence of catalysts on the gaseous
products occurred mainly through CO2 hydrogenation mechanisms, promoting an increase
of up to 2070 and 30% in the yields of CH4 and CO gases, respectively, when compared to
the non-catalytic process.

Regarding the chemical composition of the liquid products of the thermocatalytic con-
version processes, the results showed that the catalysts were selective in the decarboxylation
of carboxylic acids and the reduction of species derived from sugars, as well as promoting
increased production of phenolic compounds, which was observed in the GC/MS analyses
and corroborated by the UHRMS data, where the reduction of species containing 4–12 oxy-
gen atoms, which are normally attributed to carbohydrate-type compounds, and increase
of aromatic compounds containing 2–3 oxygen atoms, characteristic of phenolic structures,
were observed. This is confirmed by the van Krevelen diagrams, which showed that the
dehydration reaction of the sugars was the main reaction mechanism that occurred in the
catalyzed processes, converting the sugar derivatives to pyrolytic humin structures, which,
followed by secondary deoxygenation and alkylation reactions, were converted to phenolic
compounds. When comparing the performance of the two catalysts, the catalyst with the
higher Ni loading, Ni-Cr, showed higher activity for deoxygenation of the compounds,
as well as producing a bio-oil with higher phenolic monomer content. In summary, the
thermocatalytic conversion of sugarcane bagasse under H2 atmosphere and in the presence
of nickel-based catalysts presents a higher efficiency in the deoxygenation of pyrolytic
vapors, acting selectively in the deoxygenation of carboxylic acids and sugar derivatives,
through reactions of decarboxylation and dehydration, respectively, and promoting the
enrichment of phenolic compounds in bio-oil, which have a wide industrial application
and potential as substitutes for compounds derived from fossil sources.
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