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Abstract
Microwave-assisted pyrolysis (MAP) of Acrocomia aculeata epicarp (EPM) was investigated using an ex
situ catalytic configuration supported on silicon carbide (SiC) foams. The study employed acidic, basic,
and bifunctional catalysts, including CaO, phosphate rock residue (PO), Nb₂O₅, NiO/Nb₂O₅, and zeolite.
The primary objective was to elucidate the catalytic effects on product selectivity, the reduction of
oxygenated compounds, and the promotion of hydrocarbons in the resulting bio-oils. Optimization of the
non-catalytic pyrolysis indicated that 550°C was the ideal temperature, yielding 48.4% condensables,
20.6% biochar, and 32.3% gases. Among the catalysts tested, the bifunctional NiNb–PO system achieved
the highest hydrocarbon fraction (61.3%) and the lowest oxygenated content (35.4%), demonstrating a
synergistic interaction between basic and redox sites. Basic catalysts such as CaO and PO enhanced
decarboxylation and decarbonylation reactions, while Nb₂O₅ and NiNb-based systems favored selective
hydrogenation and deoxygenation. In contrast, zeolite-containing systems exhibited higher acidity and a
propensity to form oxygenated intermediates. The resulting biochar presented a high fixed carbon
content (up to 42.5%), a low O/C ratio (0.24), and a higher heating value (21.55 MJ kg⁻¹), indicating the
formation of an aromatic, porous, and stable carbon matrix suitable for energy and environmental
applications. This work demonstrates that integrating multifunctional catalysts, conductive SiC supports,
and microwave heating provides a technically viable and environmentally sustainable route for producing
hydrocarbon-enriched bio-oils and high-performance biochars from tropical lignocellulosic residues,
supporting the advancement of low-carbon bioenergy technologie.

1. Introduction
The increasing global reliance on fossil fuels has created significant environmental, economic, and
strategic challenges. The intensive extraction of petroleum, coal, and natural gas constitutes an
unsustainable model that drives greenhouse gas emissions, ecosystem degradation, and climate
instability [1]. Consequently, these issues have accelerated the search for alternative and sustainable
energy systems capable of supporting economic development while meeting international
decarbonization targets [2].

Lignocellulosic biomass has emerged as a strategic renewable resource owing to its abundance,
versatility, and potential for carbon neutrality when managed sustainably. Agricultural and agro-industrial
residues already contribute approximately 14% of the global energy supply and are increasingly utilized
in thermochemical conversion processes to produce fuels and high-value chemicals [3, 4]. In Brazil,
where renewable sources comprise 47.4% of the national energy matrix—a figure substantially higher
than the global average [5]—the vast availability of agricultural and forestry residues reinforces the
nation's comparative advantage for expanding bioenergy production during the ongoing energy
transition.

Among various thermochemical routes, pyrolysis stands out as a highly promising technology due to its
capacity to simultaneously generate bio-oil, biochar, and syngas. These products offer diverse
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applications, from alternative liquid fuels to chemical precursors and soil conditioners [6]. Nevertheless,
the widespread adoption of bio-oil is hindered by several unfavorable properties, including high oxygen
content, low energy density, elevated acidity, and poor storage stability [7].

To address these limitations, catalytic pyrolysis has emerged as an effective upgrading strategy.
Appropriate catalysts can facilitate deoxygenation, cracking, and selective aromatization reactions,
thereby improving bio-oil quality to yield liquid fuels with energy densities and stability comparable to
those of conventional fossil fuels [8, 9]. A wide range of materials—including zeolites, metal oxides, and
bifunctional systems—have been investigated for this purpose, each demonstrating distinct performance
characteristics regarding selectivity, stability, and cost [10, 11].

The valorization of non-conventional biomass from tropical biomes like the Brazilian Cerrado remains a
largely underexplored frontier. Recognized as a global biodiversity hotspot, the Cerrado hosts a rich
diversity of plant species and generates significant quantities of agro-industrial residues that are often
underutilized [12]. This biome contains approximately 4,400 plant species, yet only about 30% have been
characterized for potential applications.

Acrocomia aculeata (macauba), a palm native to this region, produces fruit with components of notable
economic value. While its kernel is a source of oil and protein-rich meal, the residual biomass—
particularly the epicarp and endocarp—constitutes a valuable by-product with yields reaching up to 10 t
ha⁻¹ yr⁻¹. The epicarp, which is the focus of this work, possesses high energy potential [13].
Consequently, macauba has been identified as a promising feedstock for biofuel production. For
instance, Cavallaro et al. [14] reported that the catalytic micropyrolysis of macauba epicarp and
endocarp using catalysts such as CaO, Nb₂O₅, and Ni/Nb₂O₅ leads to significant hydrocarbon formation.
These catalysts enhance deoxygenation and increase the fraction of aliphatic and aromatic
hydrocarbons in the resulting bio-oil. Therefore, the valorization of macauba biomass contributes to
advanced residue management and supports the development of sustainable biofuel technologies.

In this context, microwave-assisted pyrolysis (MAP) has emerged as an innovative alternative to
conventional heating. MAP offers efficient volumetric heating, improved thermal uniformity, and
suppression of undesired secondary reactions, thereby enhancing energy efficiency and reducing
process residence time [15]. These advantages make it an attractive route for lignocellulosic residue
valorization at both laboratory and industrial scales.

Accordingly, this study investigates the ex situ catalytic pyrolysis of macauba epicarp biomass (EPM) via
microwave heating, with catalysts supported on silicon carbide (SiC) foam. A range of acidic, basic, and
bifunctional catalysts—including calcium oxide (CaO), phosphate rock residue (PO), niobium oxide
(Nb₂O₅), nickel oxide on Nb₂O₅ (NiO/Nb₂O₅), and zeolite—were evaluated. The primary objective was to
elucidate the interactions between these catalysts and pyrolysis intermediates while assessing their
influence on product selectivity, oxygenate reduction, and the formation of hydrocarbons. Furthermore,
the physicochemical properties of the resulting bio-oil and biochar were analyzed to determine their
suitability for energy applications.
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By integrating an alternative biomass with innovative catalysts and microwave-assisted pyrolysis, this
work contributes to a deeper understanding of the mechanisms governing the valorization of tropical
lignocellulosic residues. The findings offer technological insights that support scientific advancement,
enable more efficient catalytic cracking pathways, and reinforce the transition toward a low-carbon
energy economy.

2. Material and Methods

2.1. Feedstock preparation and characterization
The epicarp of macauba (EPM), sourced from the Cerrado biome in Araxá, Minas Gerais, Brazil, was used
as the lignocellulosic feedstock. The raw material was manually cleaned to remove impurities, washed
with deionized water, and dried in a forced-air oven at 80°C for 48 h. The dried biomass was then milled
and sieved to a particle size range of 0.21–0.25 mm. All characterization analyses were performed in
triplicate to ensure reproducibility.

The macauba fruit exhibits a spherical morphology composed of four distinct parts: epicarp, mesocarp,
endocarp, and endosperm [16, 17]. The morphological structure of the fruit is presented in Fig. 1.

Proximate Analyses: Moisture, volatile matter, fixed carbon, and ash contents were determined following
ASTM standards E871-82, E872-82, and D1102-84. Elemental composition (C, H, N, S) was measured
using a PerkinElmer 2400 Series II CHNS analyzer, with oxygen content calculated by difference. The
higher heating value (HHV) was determined using an IKA C2000 adiabatic bomb calorimeter.

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were performed on a
Netzsch STA 449 F3 instrument to assess thermal stability. Samples were heated to 900°C at a rate of
10°C min⁻¹ under a nitrogen flow of 20 mL min⁻¹. Surface functional groups were identified using a
Bruker Tensor 27 FTIR-ATR spectrometer (4000–400 cm⁻¹). Inorganic composition and surface
morphology were examined via X-ray fluorescence (XRF) spectroscopy (Shimadzu EDX-720) and
scanning electron microscopy (SEM) (JEOL JSM-6510LV), respectively.

2.2. Catalysts and support preparation
This study employed an ex situ catalytic configuration, where pyrolysis vapors were directed to a
secondary catalytic bed. This setup was chosen to minimize catalyst deactivation and facilitate recovery
[18]. The catalysts investigated included calcium oxide (CaO), phosphate rock residue (PO), niobium
pentoxide (Nb₂O₅), nickel oxide on Nb₂O₅ (NiO/Nb₂O₅), and a commercial zeolite. These were selected to
evaluate the effects of basic (CaO), acidic (Nb₂O₅, zeolite), and bifunctional (NiO/Nb₂O₅) properties on
bio-oil composition.

The principal catalytic reactions during pyrolysis include deoxygenation (decarboxylation,
decarbonylation, and dehydration), aromatization, and catalytic cracking. Deoxygenation is particularly
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relevant for improving bio-oil quality by reducing oxygenated compound content through the following
pathways:

Decarboxylation: Removal of carboxyl groups producing CO₂ (R-COOH → CO₂ + RH) [19].

Decarbonylation: Elimination of carbonyl groups with CO formation (R-CHO → CO + RH) [20].

Dehydration: Elimination of water molecules leading to unsaturated or aromatic compounds (R-CH₂-
CH₂OH → R-CH = CH₂ + H₂O).

Aromatization: Conversion of aliphatic hydrocarbons into aromatic structures.

Catalytic cracking: Fragmentation of long-chain hydrocarbons into lighter molecules (R₁–R₂ → R₁–H 
+ R₂–H) [19].

Catalyst Support: Open-cell silicon carbide (SiC) foam disks were used as the catalyst support material
due to their high thermal conductivity, mechanical strength, and chemical inertness [21, 22]. This
structure ensures efficient heat distribution and adequate permeability for vapor-phase transport.

Catalyst Deposition: Two configurations were prepared: single-catalyst and dual-catalyst beds. For
single-bed systems, 3.0 ± 0.15 g of a single catalyst was deposited onto a pre-dried SiC foam disk via
wet impregnation using 70% ethanol as a binding agent. For dual-bed systems, a total of 3.0 ± 0.15 g of
catalyst was used, with each side of the SiC foam disk impregnated with 1.5 g of a different catalyst, as
detailed in Table 1.

Table 1
Identification of dual-catalyst bed experiments.
Experiment Catalyst 1 Catalyst 2

Zeo–CaO Zeolite CaO

Zeo–PO Zeolite Phosphate residue

Zeo–Nb Zeolite Nb₂O₅

Zeo–NiNb Zeolite NiO/Nb₂O₅

CaO–PO CaO Phosphate residue

CaO–Nb CaO Nb₂O₅

CaO–NiNb CaO NiO/Nb₂O₅

Nb–PO Nb₂O₅ Phosphate residue

Nb–NiNb Nb₂O₅ NiO/Nb₂O₅

NiNb–PO NiO/Nb₂O₅ Phosphate residue

2.3. Microwave pyrolysis system and procedure

Page 5/21



Pyrolysis experiments were conducted in a laboratory-scale microwave unit comprising a 1000 W, 2.45
GHz microwave generator (Menumaster MCS10TSB) coupled to a 750 mL quartz reactor (Fig. 2).
Temperature was monitored using a K-type thermocouple inserted into the biomass bed and regulated
by a PID controller. Before each run, the system was purged with N₂ (50 mL min⁻¹ for 20 min) to ensure
an inert atmosphere. A 60 ± 0.5 g sample of EPM was used for each experiment. Evolved vapors were
directed through a condenser train to collect the bio-oil, while non-condensable gases were removed by a
vacuum pump.

To determine the optimal process temperature, non-catalytic pyrolysis experiments were conducted at
five temperatures (479, 500, 550, 600, and 621°C), with each run held for 30 min [23]. The optimal
temperature identified from this analysis was subsequently adopted for all catalytic runs.

2.4. Product characterization

2.4.1. Bio-oil analysis
The collected condensable fraction was separated into aqueous and organic phases via decantation and
centrifugation (5000 rpm). The organic phase was extracted with dichloromethane (1:35 bio-oil:solvent
mass ratio) and analyzed using a Shimadzu GC/MS-QP2020 NX system equipped with an RTX-1701
capillary column (60 m × 0.25 mm × 0.25 µm). Helium (99.999%) was the carrier gas at a flow rate of 404
mL min⁻¹ and a pressure of 115 kPa. The GC–MS interface and transfer line were maintained at 250°C
and 280°C, respectively. Approximately 1.0 µL of the sample was injected. Compounds were identified
using the NIST11 spectral library, with a similarity index threshold of > 80% [23, 24]. Detected compounds
were classified as oxygenates, nitrogenates, or hydrocarbons.

2.4.2. Biochar characterization
The elemental composition (C, H, O) of the biochar was estimated using the correlations developed by
Nhuchhen [25]. Structural properties were investigated using a Shimadzu IR Prestige-21 FTIR
spectrophotometer (4000–400 cm⁻¹, KBr pellets). The degree of aromaticity and carbonization was
further assessed by constructing a Van Krevelen diagram.

2.4.3. Higher Heating Value (HHV) determination
The HHV of the feedstock, biochar, and condensable products was determined in triplicate using an IKA
C2000 adiabatic bomb calorimeter following the ASTM D2015 standard.

3. Results and Discussion

3.1. Feedstock characterization
The physicochemical characterization of the macauba epicarp (EPM), summarized in Table 2, confirms
its suitability for thermochemical conversion. Specifically, its high volatile matter (79.65%) and low ash
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(1.35%) contents indicate a strong potential for high bio-oil yield. Furthermore, these properties are
consistent with values previously reported in the literature for this biomass [16, 26].

Table 2
Characteristics of the Macaúba Epicarp (EPM)

  This Work Evaristo et al. [16] Dourado et al. [26]

Moisture (%) (db) 6.50 (± 0.02) -- --

Ash (%) 1.35 (± 0.04) 3.69 --

Volatile matter (%) 79.65 (± 0.17) 81.60 --

Fixed carbon (%) 18.99 (± 0.16) 14.70 --

Carbon (%) 48.34 (± 3.21) 47.20 47.16

Hydrogen (%) 5.93 (± 3.79) 7.26 5.89

Oxygen (%) 43.69 (± 3.74) 42.05 46.95

HHV (MJ∙kg− 1) 18.32 (± 0.71) 20.24 19.27

The thermal decomposition profile of EPM was evaluated by TGA and DTG analysis (Fig. 4). The DTG
curve reveals three main decomposition stages: moisture removal (< 150°C), degradation of
hemicellulose and cellulose (220–400°C), and slow decomposition of remain lignin (> 400°C) [27]. The
most significant mass loss (~ 60%) occurred between 150°C and 380°C, with a maximum degradation
rate observed at approximately 350°C, corresponding to the decomposition of holocellulose. Above
400°C, the mass loss rate slowed considerably, characteristic of lignin's recalcitrant structure, leaving a
final char residue of approximately 23% at 800°C [28, 29]. This multistage decomposition behavior is
typical of lignocellulosic biomass and provides valuable information for understanding its thermal
conversion.

3.2. Catalyst characterization
The elemental composition of the catalysts, determined by XRF, is presented in Table 3. The results
confirm the distinct chemical nature of each material, which governs its catalytic function. The CaO-
based catalyst with CaO as its main component (79.60%), providing strong basic sites for deoxygenation
[30]. In contrast, the phosphate rock (PO) presented a complex mixture of CaO (22.43%), Fe₂O₃ (29.38%),
and P₂O₅ (17.31%), indicating multifunctional properties suitable for promoting redox and acid-base
reactions [31]. The high purity of Nb₂O₅ (99.24%) offers moderate Lewis acidity, while the NiO/Nb₂O₅
catalyst (3.98% NiO) combines this acidity with nickel's hydrogenation capabilities, creating a synergistic
system for oxygen removal [32, 33]. The commercial zeolite exhibited a typical aluminosilicate
composition (43.00% SiO₂, 24.26% Al₂O₃), providing strong acidic sites for cracking and aromatization.
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Table 3
XRF Analysis – Catalyst Composition

Formula Z CaO Phosphate rock residue Nb2O5 NiONb2O5 Zeolite

Na2O 11 -- -- -- -- 14.96%

MgO 12 1.11% 0.95% -- -- 2.04%

Al2O3 13 0.16% 1.79% -- -- 24.26%

SiO2 14 0.55% 10.82% -- -- 43.00%

P2O5 15 0.13% 17.31% -- -- 0.17%

SO3 16 -- 1.06% -- -- --

K2O 19 -- -- -- -- 0.16%

CaO 20 79.60% 22.43% 0.06% 0.05% 0.74%

TiO2 22 -- 8.13% -- -- 0.10%

Cr2O3 24 -- 0.08% -- -- --

MnO 25 -- 0.59% -- -- --

Fe2O3 26 0.09% 29.38% 0.06% 0.07% 0.70%

NiO 28 -- 0.04% -- 3.98% --

CuO 29 0.02% 0.04% 0.05% 0.04% 0.02%

ZnO 30 0.01% 0.07% 0.01% -- --

Br 35 0.60% 0.17% 0.28% 0.18% --

SrO 38 0.22% 0.61% -- -- --

Y2O3 39 -- 0.03% 0.04% 0.04% --

ZrO2 40 -- 0.38% -- 0.70% --

Nb2O5 41 -- 0.42% 99.24% 94.57% --

MoO3 42 -- -- 0.26% 0.21% --

BaO 56 -- 4.19% -- -- --

La2O3 57 -- 0.37% -- 0.16% 0.15%

Pr6O11 59 -- 3 PPM -- -- --
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Formula Z CaO Phosphate rock residue Nb2O5 NiONb2O5 Zeolite

ThO2 90 -- 0.05% -- -- --

Overall, the XRF results confirm that the elemental composition plays a determining role in modulating
catalytic properties: CaO and PO provide basic and mixed functions, while Nb₂O₅ and NiO/Nb₂O₅ offer
balanced redox and acidic characteristics, and zeolite provides strong acidity.

3.3. Non-catalytic pyrolysis

3.3.1 Effect of temperature on product distribution
The effect of temperature on product distribution during non-catalytic pyrolysis was investigated (Fig. 3).
As the temperature increased from 479°C to 621°C, the biochar yield decreased from 32.3% to 20.6%,
while the gas yield increased from 20.5% to 32.3%. This trend is attributed to the intensification of
primary devolatilization and secondary cracking reactions at higher temperatures [34]. The bio-oil yield
remained relatively stable, peaking at 48.4% at 550°C. Therefore, 550°C was selected as the best
temperature for the subsequent catalytic experiments, as it maximized bio-oil yield.

3.3.2 Biochar characterization
The chemical transformations from biomass to biochar as a function of temperature were investigated
by FTIR analysis (Fig. 4). The raw EPM spectrum shows characteristic lignocellulosic features, including
a prominent O–H band (~ 3400 cm⁻¹), aliphatic C–H peaks (~ 2920 cm⁻¹), and a complex fingerprint
region (1500–1000 cm⁻¹) rich in C–O stretching vibrations from cellulose and hemicellulose. Upon
pyrolysis, a drastic structural change occurs. Even at 479°C, the O–H and aliphatic C–H bands are
almost entirely eliminated, confirming extensive dehydration and devolatilization. Crucially, the effect of
increasing temperature is most evident in the progressive simplification of the biochar spectra. As the
temperature rises from 479°C to 621°C, the fingerprint region becomes progressively flatter, signifying
the systematic removal of residual oxygen-containing functionalities (e.g., C–O, C–O–C) from the char
matrix. While these oxygenated and aliphatic groups are removed, the band at ~ 1600 cm⁻¹ (aromatic C 
= C stretching) is preserved and becomes the dominant feature in the spectra of biochars produced at
higher temperatures (≥ 550°C). This trend reflects the progressive thermal evolution of the solid residue.
An increase in pyrolysis temperature within the studied range results in a more advanced degree of
carbonization, yielding a final product with a more ordered, highly aromatic, and stable carbon structure
[25, 35]

3.3.3 Biochar composition and energy potential
The transformation of biomass into an energy-dense solid fuel is confirmed by the changes in its
elemental composition and properties (Table 4). As pyrolysis temperature increased, the fixed carbon
content rose significantly (from 18.9% to 42.5% at 621°C), which is directly explained by the evolution of
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the atomic ratios. The O/C ratio decreased sharply from 0.65 in the biomass to an average of 0.26 in the
biochars, indicating extensive deoxygenation through the removal of volatile compounds like H₂O, CO,
and CO₂. This loss of oxygen is the primary driver for the increase in the higher heating value (HHV) from
18.32 to 21.55 MJ kg⁻¹. Simultaneously, the H/C ratio dropped from 1.45 to ~ 0.7, signifying a profound
structural transformation towards aromatization. This change reflects the cleavage of aliphatic side
chains and the formation of a more condensed, aromatic carbon matrix. Together, the reduction in both
ratios, often visualized in a Van Krevelen diagram [34], demonstrates a clear pathway of carbonization,
where the biomass evolves into a more stable, hydrophobic, and coal-like material.

Table 4
Composition of the biochar and atomic ratios

  EPM

in natura

479°C 500°C 550°C 600°C 621°C

H/C 1.45 0.78 0.70 0.75 0.78 0.68

O/C 0.65 0.29 0.25 0.27 0.29 0.24

PCS (MJ/kg) 18.32 20.34 20.91 20.89 20.57 21.55

Ash (%) 1.3 12.7 13.5 11.5 11.8 11.9

Volatile matte (%) 79.6 50.0 45.8 49.4 50.5 45.6

Fixed carbon (%) 18.9 37.3 40.7 39.1 37.8 42.5

The significant increase in ash content, from 1.3% in the raw biomass to an average of 12.3% in the
biochars (Table 4), is a direct consequence of the concentration of inorganic constituents as organic
matter is volatilized. The XRF analysis (Table 5) provides a deeper insight into this process, revealing
distinct behaviors among the elements. Thermally stable, refractory elements like Si and Al were
concentrated in the biochar, as their oxides are not volatile at these temperatures. Conversely, elements
known to form volatile species, such as K, S, and Cl, showed a relative decrease, indicating their partial
loss to the gas phase during pyrolysis. This selective volatilization is beneficial, as it reduces elements
linked to corrosion and harmful emissions (S, Cl) while concentrating others [36, 37].
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Table 5
Effect of pyrolysis temperature on the elemental composition of biochar.

Element EPM

in natura

479°C 500°C 550°C 600°C 621°C

K 2.61% 2.18% 1.73% 2.24% 2.10% 2.10%

Si 0.32% 0.46% 0.38% 0.50% 0.68% 0.57%

Ca 0.92% 0.38% 0.31% 0.46% 0.45% 0.41%

Mg 0.16% 0.36% 0.25% 0.36% 0.40% 0.35%

Al 0.14% 0.30% 0.24% 0.32% 0.42% 0.36%

P 0.21% 0.28% 0.21% 0.29% 0.30% 0.27%

Fe 0.68% 0.14% 0.11% 0.15% 0.21% 0.18%

S 0.24% 0.06% 0.05% 0.05% 0.05% 0.05%

Cl 0.09% 0.06% 0.04% 0.06% 0.05% 0.05%

Ti 0.05% 0.02% 0.01% 0.02% 0.03% 0.02%

Rb 0.03% 38 PPM 28 PPM 41 PPM 38 PPM 39 PPM

Zn 0.03% 38 PPM 30 PPM 35 PPM 33 PPM 33 PPM

Cu 0.03% 37 PPM 27 PPM 34 PPM 35 PPM 31 PPM

Sr 0.04% 28 PPM 22 PPM 31 PPM 32 PPM 26 PPM

Mn 0.01% 25 PPM 19 PPM -- 24 PPM 23 PPM

Cr -- 20 PPM 20 PPM 21 PPM 21 PPM 18 PPM

Mo 0.07% 10 PPM -- 12 PPM -- --

Zr -- 7 PPM -- 7 PPM 12 PPM 10 PPM

V -- -- 13 PPM -- -- --

Ru 0.06% -- 24 PPM -- -- --

Ni -- -- -- 9 PPM -- --

Nb -- -- -- -- 5 PPM 17 PPM

3.3.4 Morphological analysis (SEM)
Scanning electron microscopy (SEM) revealed significant morphological changes following pyrolysis
(Fig. 5). While the raw EPM surface appeared relatively smooth and fibrous, the biochar produced at
550°C exhibited a highly porous and heterogeneous structure. The formation of well-developed pores
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and cavities is a direct result of the release of volatile matter during thermal decomposition. This porous
matrix enhances the biochar's surface area, making it suitable for applications such as an adsorbent or
catalyst support. The observed high density of interconnected pores and larger voids is associated with
volatile removal and carbon matrix reorganization, which strongly influence the textural and reactive
properties of the biochar.

3.4. Catalytic pyrolysis: single-bed configuration
The performance of individual catalysts in the ex situ upgrading of pyrolysis vapors was evaluated to
establish a baseline for their intrinsic activity (Fig. 5). In the non-catalytic control run (550), the bio-oil
was composed predominantly of oxygenated compounds (93.2%), with a negligible hydrocarbon fraction
of only 5.4%. This confirms that, without catalytic intervention, the thermal decomposition of macauba
epicarp primarily yields a complex mixture of acids, aldehydes, ketones, and phenols, which are
characteristic of lignocellulosic pyrolysis.

All catalysts demonstrated deoxygenation activity, significantly increasing the hydrocarbon content. The
basic catalysts, CaO and PO, were the most effective in the single-bed setup, yielding hydrocarbon
fractions of 14.2% and 13.5%, respectively. This performance is attributed to their ability to promote
decarboxylation and decarbonylation reactions, which are key pathways for C–O bond cleavage in
carboxylic acids and carbonyls, effectively removing oxygen as CO₂ and CO [38]. This suggests that the
initial pyrolysis vapors are rich in acidic compounds, which are readily neutralized and converted by
these basic sites [39].

The NiO/Nb₂O₅ system showed intermediate performance (10.1% hydrocarbons). This indicates that its
synergistic acidic and redox sites facilitated hydrogenation and subsequent hydrodeoxygenation (HDO).
However, the limited hydrogen availability in a standard pyrolysis environment (without an external H₂
source) likely constrained its full potential. The lower performance of Nb₂O₅ and zeolite individually
suggests that their acidic sites alone, while promoting cracking, were insufficient to drive deep
deoxygenation, possibly leading to the formation of smaller, but still oxygenated, molecules.

Despite these improvements, oxygenated compounds remained the dominant fraction (> 85%) in all
single-bed experiments. This highlights a fundamental limitation: a single catalytic function (e.g., basicity
or acidity alone) is insufficient to address the chemical complexity of pyrolysis vapors. This observation
motivated the investigation of dual-catalyst beds to combine complementary functions

3.5. Catalytic pyrolysis: dual-bed configuration
Dual-catalyst bed configurations were investigated to explore synergistic effects on bio-oil upgrading,
aiming to create a multi-step reaction environment within a single pass (Fig. 6). All combinations
significantly outperformed the single-bed systems, confirming the hypothesis that combining catalysts
with complementary functions is a superior strategy.
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The hydrocarbon fraction in the dual-bed systems varied from 15.5% to an impressive 61.3%, a more
than tenfold increase compared to the non-catalytic control (5.4%). The NiNb–PO system was
exceptionally effective, achieving the highest hydrocarbon fraction (61.3%) and drastically reducing the
oxygenate content to 35.4%. This remarkable result is attributed to a powerful synergistic cascade:

a. The pyrolysis vapors first encounter the phosphate rock (PO), whose basic and multifunctional sites
neutralize acidic compounds and promote initial decarboxylation/decarbonylation.

b. The partially deoxygenated intermediates then flow to the NiO/Nb₂O₅ catalyst, where the
redox/acidic sites facilitate hydrogenation and final hydrodeoxygenation, converting remaining
oxygenates into hydrocarbons [22]. This sequential process is far more effective than either catalyst
acting alone.

In stark contrast, combinations involving the highly acidic zeolite (e.g., Zeo–NiNb) were significantly less
effective, yielding a higher proportion of oxygenated intermediates. This is likely due to excessive
secondary cracking and coking. The strong Brønsted acid sites of the zeolite can aggressively crack
oxygenates into smaller fragments but may also promote polymerization and coke formation, which
deactivates the catalyst and prevents complete deoxygenation [40]. This finding underscores the
importance of a balanced catalyst functionality; excessive acidity is detrimental, whereas a combination
of basicity and moderate redox/acidity (as in the NiNb-PO system) provides the ideal environment for
deep bio-oil upgrading.

Across all experiments, nitrogenated compounds were detected only in residual concentrations (0% to
3.3%). This suggests high catalytic efficiency for the thermal decomposition of nitrogen-containing
species (likely from proteins in the biomass), primarily converting them into gaseous products such as
NH₃ and N₂, which are removed from the liquid phase. This is a positive outcome, as it reduces the
potential for NOx emissions if the bio-oil is used as a fuel

4. Conclusions
Microwave-assisted pyrolysis of macauba epicarp (EPM), combined with acidic, basic, and bifunctional
catalysts in an ex situ configuration, proved to be a highly promising thermochemical route for the
efficient conversion of tropical lignocellulosic residues into upgraded bio-oils. The acid–base nature and
surface structure of the catalysts played a crucial role in determining reaction selectivity and product
quality.

Among the catalysts evaluated, the bifunctional NiNb–PO system exhibited the best performance,
producing the highest hydrocarbon fraction (61.3%) and the lowest proportion of oxygenated
compounds (35.4%). This result confirms a synergistic interaction between the redox sites (NiNb) and
the basic/multifunctional sites (PO), which is more effective for deoxygenation than individual catalysts.
The study elucidated that different catalyst types promote distinct reaction pathways: basic catalysts
(CaO, PO) primarily favored decarboxylation and decarbonylation, whereas Nb₂O₅- and NiO/Nb₂O₅-based
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systems facilitated selective hydrogenation and deoxygenation. Conversely, highly acidic zeolite-
containing combinations favored the formation of oxygenated intermediates, limiting hydrocarbon yield.

The resulting biochar demonstrated high quality, characterized by high fixed carbon content (up to
42.5%), low oxygen content (O/C = 0.24), and a high heating value (21.55 MJ kg⁻¹). Spectroscopic and
morphological analyses confirmed the evolution toward a porous and highly aromatic matrix suitable for
both energetic and environmental applications.

Overall, this study demonstrates that the integration of multifunctional catalysts, SiC conductive foams,
and microwave heating represents a technically feasible and environmentally sustainable approach for
producing hydrocarbon-enriched bio-oils and high-performance biochars. The results contribute to
advancing the mechanistic understanding of catalytic pyrolysis of tropical biomasses and reinforce the
potential of macauba as a strategic resource for the energy transition and next-generation biofuel
development
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Figures

Figure 1

Macaúba fruit – parts of the fruit and whole fruit.
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Figure 2

Schematic of the microwave-assisted pyrolysis system.

Figure 3

Effect of temperature on product distribution in microwave-assisted non-catalytic pyrolysis of EPM.
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Figure 4

FTIR spectra of EPM biomass and biochars obtained from non-catalytic pyrolysis at different
temperatures.

Figure 5

SEM micrographs of (a) raw EPM and (b) biochar at 550°C (magnified 500×).
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Figure 6

Figure 5. Effect of single catalyst bed on the formation of hydrocarbons, nitrogenated, and oxygenated
compounds.

Figure 7

Figure 6. Effect of dual catalyst beds on the formation of hydrocarbons, nitrogenated, and oxygenated
compounds.
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