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A B S T R A C T   

Fundamental understanding of the pyrolysis process plays an indispensable role in valorization of wastes and the 
development of novel sustainable technologies. This study introduces a novel approach by investigating the 
reaction mechanisms involve in Microwave-Assisted Fast Pyrolysis (MAFP) to unveil the thermal decomposition 
of agricultural residues: pecan nutshell (NS), sugarcane bagasse (SB), and orange seed (OS) biomasses. The 
holistic understanding of the pyrolysis process for these biomasses was analyzed based on the final chemical 
compositions and yields of bio-oil, biochar and biogas and correlated to the microwave processing conditions and 
feedstock’s chemical composition. The findings revealed that the bio-oil is enhanced at moderated microwave 
energy (<5 GJ/t) as result of endothermic reactions such as heterolytic fragmentation, Maccoll elimination, 
Friedel-Craft acylation, Piancatelli rearrangement and methoxylation. The maximum yield of bio-oil for protein- 
rich biomass was due to selective heating (Paal-Knorr pyrrole synthesis, Baeyer-Villiger oxidation, Maillard re
action, and ring conversion of γ-butyrolactone). The formation of biochar and biogas is attributed to the repo
lymerization of aromatic aldehydes, hydrocarbons, amines, and ethers, as well as dehydroxymethylation and 
dealkylation processes. This study provides a comprehensive understanding of the reaction mechanisms for 
several wastes using microwave pyrolysis, to establish the bases for effective valorization and agricultural waste 
management.   

1. Introduction 

Agri-industry generated substantial amount of residues every year as 
a consequence of massive production of various nutritious food to match 
the increasing global food demand. For instance, ~2 billion metric tons 
of sugarcane bagasse [1], 1.5 million metric tons of pecan nutshell [2,3], 
and ~20 million metric tons of orange seed [4] are produced annually 
by the sugar, nut, and juice industries in the world. Traditional man
agement of these residues include direct combustion and dumping at 
landfill site. These methods unfortunately release carbon to the atmo
sphere and nutrients into water basins, potentially causing several 
environmental threats including global warming, eutrophication and 
acidification of water bodies, and pathogen spread [5–7]. Development 
of innovative technologies to sustainably recover resources contained in 

agricultural residues is pivotal, not only to prevent the environmental 
pollutions, but also to acquire economic and environmental benefits 
from valorizing biomass into valuable products. 

Pyrolysis is a promising thermochemical process operating at 
300–700 ◦C and 5–20 bar in the absence of oxygen, capable of pro
moting the conversion of organic and inorganic macromolecules of 
biomass into several derivative compounds distributed into three 
product phases, i.e., bio-oil, solid biochar, and biogas [8]. The bio-oil is 
rich in carbon and contains a significant concentration of high-valued 
fine chemicals that can be separated and recovered through fraction
ation in refineries [9]. A mixture of low-concentration carbon-dense 
compounds in the bio-oil can also be employed as energy source for 
generating renewable heat and electricity [10,11]. The solid biochar 
contained a high content of nutrient and a considerable amount of 
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carbon useful for soil amendment or soil fertilizer [12]. The biogas 
contained a high concentration of syngas and gas-phase hydrocarbon 
beneficial for the production of chemical building blocks [13]. The 
characteristics of the three product phases highlight the potential key 
roles of pyrolysis in valorizing the agricultural residues. 

According to the heating rate, pyrolysis is classified into slow, fast, 
and flash pyrolysis with the time scale of respective process is in the 
order of hours, minutes, and seconds [14]. Slow pyrolysis is favored for 
the accomplishment of high yield of biochar [15], whereas the fast and 
flash pyrolysis are favored to produce a higher yield of bio-oil and biogas 
[16]. Given the much larger potential economic and environmental 
benefits of the utilization of fine chemicals and high energy content in 
bio-oil and biogas than the direct use of biochar as solid biofuel and soil 
amendment/fertilizer [17–19], fast and flash pyrolysis are of greater 
interest. Due to the extremely quick heating rate of flash pyrolysis and 
the requirement of material of construction of reactor that can handle 
high leap of temperature while keeping a very-low heat loss, only fast 
pyrolysis has reached the pilot and commercial scales operation with a 
processing capacity that ranges from 250 to 1000 ton/day [20,21]. The 
developed commercial fast pyrolysis equipment employs microwave 
systems providing a heating rate of 10–50 ◦C/min. 

Despite successful scale-up of microwave-assisted fast pyrolysis 
(MAFP) to commercial scale, there are still limited information and 
evaluation on fundamentals of reaction mechanisms leading to the for
mation of products and the transformation of elemental speciation 
during the MAFP of feedstocks with combined macromolecules com
positions at various operating conditions. Previous mechanistic studies 
on fast pyrolysis of biomass focused on the conversion route of pure 
microcrystalline cellulose, levoglucosan, and hemicellulose representing 
the carbohydrate fraction and phenylphenethyl ether, diphenyl ether, 
and ortho-methoxyphenol to represent the lignin fraction. For instance, 
Wang and coworkers [22] discovered three main pyrolytic trans
formation pathways of cellulose through experimental-validated mo
lecular simulation approach, i.e., homogeneous cleavage, retro-aldol 
condensation, and dehydration yielding levoglucosan, glycolaldehyde, 
and 5-hydroxymethylfurfural, respectively. Later on, Osatiashtiani and 
coworkers [23] provided more detailed insights into decomposition of 
levoglucosan into anhydro sugars, furan, and furfural under no catalytic 
condition. Moreover, they found that the application of HZSM-5 catalyst 
promote further derivation of furanic compounds into monoaromatics 
and polyaromatics in bio-oil. Carrier et al. [24] reported that hemicel
lulose fraction in the biomass is the main contributor of small oxygen
ates and short-chain aliphatic acids in the bio-oil. 

Meanwhile, Custodis et al. [25] identified two main decomposition 
routes for decomposition of diphenyl ether and o-methoxyphenol: (1) 
the homolytic fission of the weakest bond-forming radicals and (2) the 
radical initiation yielding different radicals that can rearrange and 
recombine. They also emphasized that the degree of substitution is 
critical in the stabilization of intermediate radicals and the degree of 
recombination prefers the phenoxy radicals compared to 
hydroxy-phenoxy radicals. Using the same pure compounds coupled 
with HZSM-5 catalysts, Luo and coworkers [26]reported that the main 
decomposition pathways of lignin are cyclization reactions yielding ar
omatic hydrocarbons, while direct demethylation, demethoxylation and 
dehydration reactions are considered the secondary pathways convert
ing phenolic lignin monomers into aromatic hydrocarbons. 

Although these earlier studies present useful mechanistic informa
tion, the actual reaction pathways are potentially different when the 
primary macromolecules of biomass including carbohydrate, lignin, 
protein (N-source), and lipid coexist in real feedstocks, e.g., agricultural 
residues. Therefore, our approach focused on three main objectives: (1) 
processing three agricultural residues with different macromolecule 
profiles (i.e., pecan nutshell (NS), sugarcane bagasse (SB), and orange 
seed (OS)) at different microwave power intensity (300–400 W) and 
different processing times (3–5 min), (2) characterizing the effects of 
feedstocks’ dielectric properties and operating conditions on the yield 

and chemical composition of MAFP products derived from the three 
investigated biomass, and (3) evaluating the most significant reaction 
mechanisms underlying the observed trend of products yields. 

Pecan nutshell was selected as it contains a mixture of lignin, hol
ocellulose, and extractives including flavonoids and tannins [27]. Sug
arcane bagasse was picked since it is mostly constituted by lignin and 
cellulose [28]. Orange seed was chosen because of balanced combina
tion of carbohydrate, fiber, protein, and fat [29]. The dielectric prop
erties of the three feedstocks including the dielectric constant and loss 
were measured to explain the ability of biomass to absorb the micro
wave energy and to convert the absorbed microwave energy into heat, 
respectively. The measured dielectric properties and the operating 
conditions were correlated with the measured yield and chemical 
composition of products. The observed correlations was explained from 
a mechanistic point of view by making use of the reaction pathways 
developed by implementing a heuristic graphical approach based on the 
chromatographic composition of bio-oil and biogas. Results in this study 
inform a comprehensive list of reaction mechanisms and corresponding 
operating conditions leading to the formation of specific chemicals in 
the pyrolysis products. 

2. Materials & methods 

2.1. Pyrolysis feedstocks 

The investigated agricultural residues in this study were pecan nut
shells (NS) (Carya illinoinensis), sugarcane bagasse (SB) and orange seed 
(OS) (Citrus sinensis) collected from different agricultural industries in 
Aguascalientes State (Mexico). The three feedstocks were initially milled 
and sieved to achieve a relatively uniform particle size of ≤ 1 mm. Af
terwards, they were washed with deionized water until constant pH and 
was finally oven-dried (Companion OF 01E) at 70 ◦C for 24 h. 

In order to increase the microwave susceptibility in NS, SB and OS, 
the dried biomass powders were pelletized using an Atlas hydraulic 
press (Specac Atlas Automatic 25 Ton) in a cylindrical moulding with 32 
mm in diameter and 10 mm in thickness. Details of pelletization con
ditions are given in Table 1. 

2.2. Physicochemical characterizations of biomass 

Thermogravimetric experiments were performed in triplicate to 
characterize the content of volatile matter, fixed carbon, and ash 
following the method previously described by Donahue and coworkers 
[30]. Briefly, the sample was placed in TGA Q500 TA Instrument and 
heated to 900 ◦C under a N2 atmosphere (100 mL/min, 1 bar), and then 
held at 900 ◦C for 15 min. The atmosphere then was switched to air and 
held for a further 15 min. The outcomes of this analysis also include the 
generation of thermogravimetric (TG) and differential thermogravi
metric (DTG) curves useful to extract the thermal properties of 

Table 1 
Conditions of pelletization for the investigated agricultural residues.  

Biomass Mass 
(g) 

Pressure 
(Ton) 

Time 
(min) 

3D 
Visual 

Density 
kg/m3 

Pecan nutshell 
(NS) 

10 8 30 113  

Sugarcane 
bagasse (SB) 

7 8 30 79 

Orange seeds 
(OS) 

15 5 5 170  
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feedstocks at higher temperatures. The triplicated ultimate analysis 
(LECO CHN 628) following the ASTM D5373–21 protocol was carried 
out to measure the content of carbon, hydrogen, nitrogen, and oxygen. 
The chemical functionalities of the feedstocks were identified using 
Fourier-Transform Infrared (FTIR) spectroscopy (ThermoScientific 
Nicolet iS10) with attenuated total reflectance (ATR) accessory. The 
FTIR spectra were recorded from 4000 to 400 cm–1 with a resolution of 
4 cm–1 and averaged over 3 replicate scans. 

The dielectric constant (ε’) and loss factor (ε") were determined using 
the cavity perturbation technique [31] at 2.45 GHz from room tem
perature to 650 ◦C. Certain amount of the biomass was packed in a 
quartz tube with an internal diameter of 3 mm. The sample was heated 
up in a Carbolite furnace and once the desired temperature was reached, 
the sample was returned to the cavity position (i.e., by means of an 
automatic motor) where the measurement was recorded. A vector 
network analyser measured the change in frequency and the resulting 
value of the Q factor of the empty and loaded tube. The response of the 
feedstock to the electromagnetic field was mathematically defined by 
their dielectric properties represented by the complex permittivity 
described in Eq. 1. The dielectric constant and loss factor were calcu
lated using the Maxwell’s equations in Eq. 2 and Eq. 3. 

ε = ε0ε∗ = ε0(ε′ − j) (1)  

ε′ = 1+ 2
(
j2
l

(
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) )
(
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)(
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)

(2)  
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j2
l

(
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) )
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)(
1
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1
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)

(3) 

The Ɛo is the permittivity of free space (8.854 10− 12 F.m− 1), ε* is a 
complex permittivity, and j is an imaginary magnitude (j2 = − 1). The j1 
is the first-order coefficient of the Bessel function, Xl,m is the nth and the 
first order root of Bessel function, Vo is the cavity volume (mm3), Vs is 
the sample volume (mm3), fo is the frequency resonant void cavity 
(GHz), and f1 is the resonant cavity loaded with sample (GHz). The Qo is 
the Q factor of the empty cavity and Q1 is the Q factor of the sample- 
loaded cavity. 

2.3. Microwave-assisted fast pyrolysis experiment 

The microwave-assisted fast pyrolysis (MAFP) experiment was con
ducted in a microwave system as illustrated in Fig. 1. The system 
comprising a 2-kW single-mode Sairem® (2.45 GHz) applicator inte
grated with an automatic homer tuner (S-TEAM STHD v1.5), and a 
single mode applicator where the quartz reactor was placed [32]. In 
each experiment, the biomass pellet was placed in a quartz tube con
nected to a condenser and flask in an ice bath at 4 ◦C where the bio-oil 
and biogas was later collected. In order to provide an oxygen-free 
environment, a nitrogen flow of 2 L/min was fed into the microwave 
system. Noteworthy was that it was unfeasible to accurately record the 
sample temperature as the use of thermocouples affected the homoge
neity of microwave power distribution in the cavity. Thus, microwave 
power intensity and processing time were the investigated operating 
parameters, as shown in Table 2. The calculated specific energy repre
sented the combined effect of the microwave power intensity and pro
cessing time with the various dielectric feedstocks. This parameter was 
useful in understanding how dielectric properties affected the absorbed 
energy, measured yield and chemical composition of products. 

The homer tuner measured profiles of the power input, the reflected 
power and the power absorbed by the solid feedstock during the 

Fig. 1. Schematic representation of MAFP system used in this study.  

Table 2 
Details of operating conditions and absorbed energy for microwave-assisted fast 
pyrolysis experiments of pecan nutshell (NS), sugarcane bagasse (SB), and or
ange seed (OS).  

Sample Code Power (W) Time (min) Specific Energy (kJ/g) 

B-NS-300–4 300 4 4.81 
B-NS-300–5 300 5 6.12 
B-NS-400–3 400 3 5.22 
B-SB-300–4 300 4 4.49 
B-SB-300–5 300 5 9.37 
B-SB-400–3 400 3 6.07 
B-OS-300–4 300 4 1.86 
B-OS-300–5 300 5 4.06 
B-OS-400–3 400 3 3.42  
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experiment. The specific absorbed energy (E, kJ/kg) by certain mass of 
feedstock (m, g) was determined by numerical integration (see Eq. 4) of 
the absorbed power (Pa, W) measured and recorded over time (t, s) by 
the homer [33]. Representative incident and absorbed powers profiles 
during MAFP experiment was shown in Fig. S1 in the Supporting In
formation document. 

E =
1
m

∫t=t

t=0

Pa.dt (4) 

Once the MAFP experiment finished, the condensed bio-oil was 
recovered, the solid biochar was collected, and the non-condensable 
gasses were stored in a 500 mL Tedlar gas bag for compositional anal
ysis. The mass yield of each product was calculated by dividing the 
measured weight of each product phase with the dry weight of feed
stock. Fig. 1 illustrates the MAFP system used in this study. 

2.4. Compositional analysis of bio-oil and biogas 

The chromatographic composition of the biogas was measured using 
Clarus 580 Gas Chromatograph (GC) system. The hydrocarbons and 
non-hydrocarbons components were detected using FID and TCD de
tectors. In general, 5 mL of sample the sample was injected at 250 ◦C 
using helium as gas carrier and a 30 m x 0.32 m x 10 µm fused silica 
column for the separation. The chromatographic composition of the bio- 
oil was semi-quantitatively characterized by a Varian CP-3800 GC 
incorporated to a Varian 1200 MS (70 eV, EI mode, full SCAN m/z 
40–450). The column used was DB-1701, low to middle polarity with 
stationary phase thickness. The oven temperature profile was 50 ⁰C held 
for 2 min, and 5 ⁰C/min to 280 ⁰C, held for 16 min. Helium was used as 
the carrier gas at a constant flowrate of 1.2 mL/min. The semi- 
quantitative composition of detected compounds in the bio-oil was 
derived from the relative peak area percentage, assuming an equal 
response factor for each detected compound. The identification of each 
individual compounds was done by comparing the obtained GC-MS 
spectra with the National Institute of Standards Technology (NIST) 
database [32,34]. 

2.5. Reaction pathways construction 

The conversion pathways of each feedstock were constructed by 
using the MØD cheminformatic software [35]. The starting compounds 
was based on the primary macromolecules described in the literature 
and was approached by a group of simple polymeric compounds, e.g., 
cellobiose [36], phenylalanine [37], 1-(3,4-dimethoxyphenyl)−
2-(4-hydroxy-2-methoxyphenoxy)propane-1,3-diol [38], and triolein 
[39] to represent polysaccharides, protein, lignin, and lipid, respec
tively. The propensity of potential chemical reactions (i.e., based on 
theoretical chemistry in the literature) from these starting compounds 
toward the detected compounds in the bio-oil and biogas were inputted 
into the software. The MØD cheminformatic software subsequently 
generated hypothetical reaction pathways, including hypothetical in
termediates that may or may not be detected in bio-oil and biogas, based 
on the chemical graph transformation rules whose parameter settings 
followed the Double-Pushout approach specified in the literature [40, 
41]. Ultimately, each hypothetical reaction path was evaluated for the 
change of Gibbs free energy (ΔG, estimated using eQuilibrator [42] in 
order screen the most thermodynamically-feasible pathways, i.e., ΔG <
0. 

3. Results & discussion 

3.1. Physicochemical characteristics of biomass 

3.1.1. Elemental content and proximate composition 
Table 3 shows the proximate and elemental compositions of the 

investigated feedstocks for MAFP experiments. The obtained values for 
the composition of moisture, volatile matter, fixed carbon, and ash and 
the content of carbon, hydrogen, nitrogen, and oxygen were consistent 
with the reported values in the literature [43–45]. It is evident the 
carbon content and fixed carbon are higher in NS and OS than the values 
found for SB feedstock. Interestingly, SB showed higher content of ash 
and volatiles (3.8% and 82.5%, respectively) than NS and OS. The 
chemical composition of feedstocks (volatile matter, fixed carbon, ash 
content, and composition of carbohydrate and protein (i.e., indicated by 
the nitrogen content)) is fundamental to understand the formation and 
distribution of bio-oil, biochar, and biogas. This information is fully 
discussed in Section 3.2. 

The TG and DTG curves of the three feedstocks are shown in Fig. 2. In 
general, the maximum weight loss was attained at approximately 335, 
356 and 388 ◦C for SB, NS and OS, respectively. The mass loss due to the 
thermal transformation of the three feedstocks occurred in three stages 
from room temperature to 800 ◦C. The first stage, from room tempera
ture to around 120 ◦C, was associated with the weight loss caused by the 
initial evaporation of moisture. The second stage, which showed a mass 
loss greater than 75% in the range of 200–500 ◦C, as attributed to the 
decomposition of less-stable bio-polymers including cellulose and 
hemicellulose [46,47]. The third stage represented the decomposition of 
more complex non-digested fibres including lignin in a wide range of 
temperatures of 200–600 ◦C [48,49]. 

3.1.2. Functional groups 
Fig. 3 shows the FTIR spectra of the three feedstocks. Most of the 

identified peaks in the FTIR spectra of the three feedstocks were highly 
similar. The pronounced peak at 3346 cm− 1 was attributed to the O-H 
stretching of phenols and aldehydes [50,51]. A doublet was observed at 
2932 and 2856 cm− 1, associated with the symmetric and asymmetric 
stretching of the C-H bond of alkanes, alkenes, and aldehydes, respec
tively [52]. The peak at 1770 cm− 1 was related to the C––O stretching of 
carboxylic acids, esters, and ethers [53]. The peak at 1645 cm− 1 was 
characteristic of C––C stretching of aromatic structures [54]. The func
tional groups with broad peak at 1031 cm− 1 were the C–O stretching of 
alcohols and polysaccharides [55]. 

3.1.3. Dielectric profiles 
The dielectric constant (ε’) and the dielectric loss factor (ε") of the 

Table 3 
Proximate and elemental compositions of pecan nutshell (NS), sugarcane 
bagasse (SB), and orange seed (OS) employed as feedstocks in this study.  

Parameters Feedstocks 

Pecan 
Nutshells 

(NS) 

Sugarcane 
Bagasse 

(SB) 

Orange 
Seed 
(OS) 

Elemental 
Content 

C (wt%) 48.9 ± 0.3 43.6 ± 0.1 55.5 
± 0.3 

H (wt%) 6.0 ± 0.0 6.2 ± 0.4 8.5 
± 0.0 

N (wt%) 0.2 ± 0.0 0.9 ± 0.0 2.1 
± 0.1 

*O (wt%) 44.8 ± 0.4 49.3 ± 0.5 33.9 
± 0.3 

Proximate 
Composition 

Moisture (%) 6.2 ± 0.3 5.8 ± 0.3 5.6 
± 0.28 

Volatile matter (%) 77.2 ± 3.9 82.5 ± 4.1 81.2 
± 4.1 

Fixed carbon (%) 14.8 ± 0.7 7.8 ± 0.4 10.6 
± 0.5 

Ash (%) 1.8 ± 0.1 3.8 ± 0.2 2.5 
± 0.1 

Estimated higher 
heating value 
(HHV, MJ/kg) 

17.8 ± 0.9 15.8 ± 0.8 16.9 
± 0.8  

* Calculated by difference. 
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three biomass feedstocks were determined by the cavity perturbation 
technique from 25◦ to 650◦C. Fig. 4 reveals three regions representing a 
significant change of dielectric properties at higher temperatures. The 
first change was observed from room temperature to 100 ◦C due to the 
evaporation of water, which is a strong microwave absorber. After the 
removal of free-bonded water, the dielectric properties of biomass 
decreased in the region between 100 and 500 ◦C. The polar components 
in cellulose and hemicellulose were polarised from 300◦ to 400◦C, 
promoting the pyrolysis and breaking of less thermo-stable molecular 
chains leading to molecular rearrangement of the biomass. This decrease 
was consistent with the maximum mass loss observed in the DTG and TG 
analyses (see Fig. 2) and with the decomposition profile of cellulose [32, 
56]. According to the literature [53,57], when biomass is subjected to 
higher temperatures (> 500 ◦C), the structure become essentially 
carbonaceous, known to be a high microwave absorbent material due to 
the Maxwell–Wagner effect. This phenomenon causes a very high 
displacement of π-electrons on carbonized structures, resulting on an 
exponential increase in the dielectric constant and loss factor [58]. 

3.2. Product yield distribution 

Fig. 5 shows that the obtained mass yield of bio-oil, biochar, and 
biogas ranged from 5% to 22%, from 15% to 47%, and from 41% to 71%, 

Fig. 2. Thermal properties of pecan nutshells (NS) sugarcane bagasse (SB), and orange seed (OS).  

Fig. 3. FTIR spectra of pecan nutshell (NS), sugarcane bagasse (SB), and orange 
seed (OS). 

Fig. 4. The dielectric constant (ε’) and dielectric loss factor (ε") of pecan nutshell (NS), sugarcane bagasse (SB), and orange seed (OS) measured at 2450 MHz from 
25◦ to 650◦C. 
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Fig. 5. Mass yield distribution of bio-oil, biochar, and biogas produced from microwave-assisted pyrolysis of NS (a), SB (b) and OS (c) at 300–400 W and processing 
time of 3–5 min. 

Fig. 6. Distribution of chemical groups in the bio-oil produced from microwave-assisted pyrolysis of pecan nutshell (NS), sugarcane bagasse (SB), and orange seed 
(OS) at 300–400 W and processing time of 3–5 min. 
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respectively. In general, increasing the microwave power input and 
prolonging the processing time improved the yield of bio-oil. The three- 
minute processing time and 400-W microwave power input, which was 
equivalent to specific energies of 4.22, 6.07 and 3.42 kJ/g for NS, SB, 
and OS, respectively, produced the highest bio-oil yield, i.e., 22%, 18%, 
and 14% for NS, SB, and OS, respectively. 

Fig. 6 shows that the enhanced bio-oil formation from NS, SB, and OS 
at higher microwave power input and extended processing time was 
associated with the increased formation of (1), phenols, ethers, and 
ketones; (2) phenols, hydrocarbons, amines, N-heterocyclics, and ethers 
and (3) aldehydes, ethers, N-heterocyclics, O-heterocyclics, and ketones, 
respectively. Detailed explanations on their formation mechanisms are 
given in subsection 3.3. 

A higher biochar yield was observed from the MAFP of NS at higher 
microwave power input and longer processing time. As the bio-oil and 
biochar yields from the MAFP of NS showed an increasing trend with 
microwave power input and processing time, it was expected that the 
yield of biogas comprising carbon dioxide, methane, propene, and 
hydrogen (see Table S1) showed a decreasing trend. 

Meanwhile, the biogas yield from the MAFP of SB and OS showed an 
increasing trend with microwave power input and processing time. 
Combined with the decreasing trend of biochar yield from the MAFP of 
SB and OS at higher microwave power input and longer processing time, 
this result provided two interpretations. First, this result may suggest 
that the biogas formation was due to the decomposition of organics 
contained in the SB and OS or the biochar. Second, this result may 
indicate that the solid organics in the two feedstocks or biochar first 
underwent transformation into chemical species with smaller molecular 
weight in the bio-oil, before experiencing partial decomposition into 
gaseous compounds contributing to the improvement of the biogas yield 
[59]. The acquired composition of biogas was generally similar to that 
derived from NS (i.e., methane, carbon dioxide, propene, and 
hydrogen), with additional presence of carbon monoxide and acetylene 
in the biogas from OS, as shown in Table S1. 

When comparing the outcomes of MAFP of different feedstocks at 
similar operating conditions, the bio-oil yield decreased in the following 
order, i.e., NS > SB > OS. This result was contradictory with the order of 
volatile matter (i.e., main contributor of the bio-oil [60,61]) content that 
decreased in the following order, i.e., SB > OS > NS (see Table 3). The 
presence of protein as a macromolecule in the NS was predicted to be the 
cause of this observation. The protein may lead to the occurrence of 
Maillard reaction providing synergistic effects toward the bio-oil yield 
[62–64]. The synergistic effect was defined as the higher value of 
measured bio-oil yield from a mixture of compounds than the 
mass-averaged bio-oil of individual pure compounds. The course of 
Maillard reaction in the MAFP of NS was discussed in subsection 3.3.1. 

At similar sets of microwave power input and processing time (i.e., 
300 W and 5 min and 400 W and 3 min), the biochar yield decreased in 
the following order, i.e., NS > OS > SB. This order agreed with the total 
content of fixed carbon and ash in the investigated feedstocks. Fixed 
carbon is the solid combustible residue remaining after biomass feed
stock is heated and the volatile matter is transformed into bio-oil and 
biogas [59]. Meanwhile, ash represents the inorganic matrix of biomass, 
and these inorganics were expected to be distributed only into the solid 
biochar phase due to their physicochemical characteristics [65]. 

At lower microwave power input (300 W) and shorter processing 
time (4 min), the biochar yield increased in the following order, i.e., NS 
< SB < OS. The higher biochar yield of SB and OS than NS were due to 
the repolymerization of chemical species in bio-oil, as evidenced by the 
reduced bio-oil formation in the following order, i.e., NS > SB > OS. The 
higher vulnerability of compounds in bio-oil from SB and OS toward 
repolymerization into hydrochar rather than partial decomposition into 
biogas was also confirmed by the increased production of biogas in the 
following order at the same reaction conditions, i.e., OS < SB < NS. 
However, the biogas yield showed a reverse trend (i.e., NS < SB < OS) at 
different sets of microwave power input and processing time, i.e., 300 W 

– 5 min and 400 W – 3 min. This result was attributed to the increased 
decomposition of derivatives of highly-abundant polysaccharides in SB 
and OS into biogas [66]. 

3.3. Mechanistic explanations 

Subsections 3.3.1–3.3.4 provide comprehensive mechanistic expla
nations on the effects of microwave power input and processing time 
toward the observed yield of products and the formation of each 
chemical species produced from each feedstock. The explanations were 
based on the proposed reaction pathways for the MAFP of NS, SB, and 
OS shown in Fig. 7. This figure shows each pathway with the labels H#, 
L#, and P# where H, L, and P represent the initials of holocellulose, 
lignin, and protein, respectively, and # indicates the reaction pathway 
number. These reaction pathways were derived from the heuristic 
graphical approach validated by chemical composition of the bio-oil and 
biogas, as shown in Table S1. Given the different composition of primary 
organic macromolecules of NS (e.g., lignin, holocellulose, amino acids, 
and extractives including flavonoids and tannins integrated to lignin 
structure [27]), SB (e.g., lignin, holocellulose, and protein [28]), and OS 
(e.g., fat, carbohydrate, fiber, and protein [29]), the diverse composi
tions of the bio-oil were expected. Likewise, relatively uniform biogas 
compositions were expected because the partial decompositions of 
bio-oil constituents into gaseous compounds mostly involved the deal
kylation, decarboxylation, decarbonylation, and dehydrogenation. 

3.3.1. Pecan nutshell (NS) 
The pyrolytic conversion of pecan nutshell produced bio-oil that 

was mostly composed of phenols (e.g., 2-methoxyphenol, 2-methoxy- 
6-methylphenol, 4-ethyl-2-methoxyphenol, o-cresol, vanillin, 2- 
methoxy-4-propylphenol, 2,6-dimethoxy-4-(2-propenyl)-phenol, and 
2,6-dimethoxyphenol), ketones (e.g., 1-(2-hydroxymethylphenyl) 
ethanone, 1-(4-hydroxy-3-methoxyphenyl)propan-1-one, 2′,6′-dime
thoxyacetophenone, and 1-(4-hydroxy-2-methoxyphenyl)ethanone)), 
and ethers, e.g., 1,2,4-trimethoxybenzene and 1,2,4-trimethoxy-5- 
methylbenzene. The formation of alkoxyphenols and dialkox
yphenols implied that lignin in NS was constituted by the syringyl (S) 
and guaiacyl (G) monomeric units through the interconnected ester 
bonds of monolignols sinapyl and coniferyl alcohols [67]. Moreover, 
the formation of alkoxyphenols and dialkoxyphenols showed the 
occurrence of the concerted (heterolytic) retro-ene fragmentation and 
Maccoll elimination mechanisms (L1, L5, L6, L12, L14, and L24) 
cleaving the β-ether bonds of S-lignin and G-lignin [68]. Since these 
mechanisms were endothermic [69], it was anticipated that higher 
reaction severity (i.e., higher microwave power input and longer 
processing time) enhanced their production in bio-oil. 

Both alkoxyphenols and dialkoxyphenols subsequently underwent 
various conversion reactions leading to the formation of additional bio- 
oil components and biogas constituents. For instance, 2-methoxyphenol 
underwent demethoxylation and ortho-formylation (the Reim
er–Tiemann reaction) producing salicylaldehyde (L16). The dehydration 
(L22) and reduction (L17) of salicylaldehyde yielded o-cresol and salicyl 
alcohol. The latter was further derived into 1-(2-hydroxymethylphenyl) 
ethanone and benzene via the Friedel-Craft acylation and a series of 
decarbonylation (L18) and dehydration (L19), respectively. Although 
the Friedel-Craft acylation was exothermic [70], the formation of 
1-(2-hydroxymethylphenyl)ethanone was enhanced at more severe 
operating conditions due to the abundant supply of salicylaldehyde from 
the endothermic Reimer–Tiemann reaction [71]. The endothermicity of 
this reaction also led to improved generation of o-cresol. 

Nonetheless, the effects of reaction severity on benzene formation 
was unclear as it was undetected in the bio-oil due to the Ullman 
coupling reaction (L10) with propylbenzene. The propylbenzene was 
obtained from the demethoxylation (L8) of 2-methoxy-4-propylphenol 
intermediate. The Ullman coupling reaction involved consecutive 
endothermic additions of propylbenzene into benzene [72], reducing 
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Fig. 7. Proposed reaction mechanisms for chemical formation in bio-oil and biogas from fast pyrolysis of NS, SB, and OS at microwave power input of 300–400 W 
and processing time of 3–5 min. Each pathway is labelled with L#, P#, and H# where L, P, and H represent lignin, protein, and holocellulose macromolecules, 
respectively, and # is the reaction number. 
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aromatic hydrocarbon (i.e., 4-propylbiphenyl) at more intensive mi
crowave power input and prolonged processing time. 

A series of endothermic dealkylation of 2,6-dimethoxy-4-(2-pro
penyl)-phenol provided 2,6-dimethoxyphenol (L2) and 2-methoxyben
zene-1,6-diol (L3) with gaseous propene and methane as the side 
products, respectively. Both 2,6-dimethoxyphenol and 2-methoxyben
zene-1,6-diol were prone to the Friedel-Craft acylation forming 2′,6′- 
dimethoxy-acetophenone (L4) and 1-(4-hydroxy-2-methoxyphenyl) 
ethanone (L5), respectively. Similar to the 1-(2-hydroxymethylphenyl) 
ethanone, the increased formation of 2′,6′-dimethoxy-acetophenone and 
1-(4-hydroxy-2-methoxyphenyl)ethanone at more severe reaction con
ditions were due to the massive supply of corresponding precursors by 
the endothermic dealkylation of corresponding alkoxyphenols [73]. 

While ether structure naturally existed in lignin, the presence of 
ethers in the bio-oil was due to the conversion of cellulose derivatives. 
Cellulose underwent homolytic cleavage of the glycosidic bond to form 
glucose (H1), which was epimerized (H2) into fructose. Fructose was 
convertible into 5-(hydroxymethyl)furfural (5-HMF) via ring-opening 
and dehydrative cyclization (H3). The hydrolytic ring-opening and 
keto–enol tautomerism (H15) of HMF yielded 2,5-dioxo-6-hydroxy- 
hexanal [74]. The 2,5-dioxo-6-hydroxy-hexanal contained active α-H 
atoms attached to carbon number 3, 4, and 6. These active hydrogen 
atoms may undergo intramolecular cyclization forming 2,5-dihy
droxy-1,4-benzoquinone intermediate susceptible to β-elimination and 
keto-enol tautomerism into 1,2,4-benzenetriol (H16). Ultimately, the 
replacement of hydroxyl groups of 1,2,4-benzenetriol via dehydration 
followed by methoxylation and subsequent methylation (H17) produced 
aromatic ethers, i.e., 1,2,4-trimethoxybenzene and 1,2,4-trimethoxy-5-
methylbenzene, respectively. Since the whole mechanisms were endo
thermic [75,76], the formation of aromatic ethers increased at higher 
reaction severity. 

In addition to phenols, ketones, and ethers, N-heterocyclics (e.g., 2,2- 
diethyl-3-methyl-oxazolidine) and carboxylic acids (e.g., acetic acid) 
were observed in the bio-oil. The 2,2-diethyl-3-methyl-oxazolidine was 
formed via the Maillard reaction (P5) between glycolaldehyde (i.e., 
derived from retro-aldol condensation of glucose, H26) and aromatic 
amino acids (e.g., phenylalanine and histidine) derived from pyrolytic 
fragmentation of protein (P1) [77]. However, the formation of 2,2-dieth
yl-3-methyl-oxazolidine decreased with microwave power input and 
prolong processing time due to the exothermic nature of Maillard re
action [78,79]. 

Glucose was also rearrangable into lactic acid via the Lobry de 
Bruyn–Alberda van Ekenstein transformation and benzylic rearrange
ment (H25) [80]. The lactic acid then underwent oxidative dehydro
genation and decarboxylation (H23) into acetic acid [81]. Higher 
microwave power input and longer reaction time provoked partial 
decomposition of acetic acid into methane and carbon dioxide, primary 
constituents of the resulting biogas. The production of carbon dioxide, 
with hydrogen, was also enhanced by the endothermic dehydrogenation 
of formic acid (H11), methanol (L9), and formaldehyde (H6). Formic 
acid was acquired via rehydration of fructose-derived 5-HMF (H10), 
methanol was obtained as byproduct of demethoxylation of alkox
yphenols (L8), and formaldehyde was byproduct of the removal of 
hydroxymethyl substituent (H5) of 5-HMF into furfural [82]. Coupled 
with the dealkylation (L2) products of 2,6-dimethoxy-4-(2-propenyl)-
phenol, the NS-derived biogas was a mixture of methane, carbon diox
ide, hydrogen, and propene. 

3.3.2. Sugarcane bagasse (SB) 
The MAFP of SB produced bio-oil with primary constituents 

including phenols, hydrocarbons, amines, N-heterocyclics, and ethers. 
The same compounds as those detected in NS-derived bio-oil was also 
observed, e.g., 2,6-dimethoxyphenol, 2,6-dimethoxy-4-(2-propenyl) 
phenol, 5-HMF, furfural, 2′,6′-dimethoxyacetophenone, acetic acid, and 
1,2,4-trimethoxybenzene. 

The 5-HMF, furfural, acetic acid, and 1,2,4-trimethoxybenzene were 

characteristic products of cellulose derivatives, whose formation 
mechanisms have been explained in subsection 3.3.2. Nevertheless, the 
presence of 2,4,6-trimethylbenzene-1,3-diamine in bio-oil showed that 
1,2,4-trimethoxybenzene was directly aminated (H18) by hydrazine 
obtained from the N-N coupling (P6) of amines from pyrolytic frag
mentation of protein (P1). 

The formation of 2,6-dimethoxyphenol and 2,6-dimethoxy-4-(2-pro
penyl)phenol indicated that the structure of lignin fractions in SB was 
dominated by the S-lignin and G-lignin, and therefore, the scission of 
β-ether bonds occurred via the concerted retro-ene fragmentation and 
Maccoll elimination mechanisms (L1, L5, L6, L12, L14, and L24). 
However, the additional formation of 2-ethylphenol was indicative of 
further derivation of the alkoxyphenols, i.e., 2-ethoxyphenol. The deri
vation route began with deprotonation of ethoxy substituent followed by 
a two-step radical rearrangement and protonation (L26) producing 2-(2- 
hydroxyethyl)phenol intermediate. Upon further dehydration and 
radical rearrangement (L27), this intermediate was converted into 2- 
ethylphenol. The 2-ethylphenol may be further derived into 4-t-butyl
styrene. The E2 elimination (L28) of hydroxyl group of 2-ethylphenol 
yielded ethylbenzene, which was converted into styrene upon hydro
genation (L29). Finally, the Friedel-Craft alkylation (L30) of styrene 
with t-butyl chloride produced 4-t-butylstyrene. 

The formation of ketones (e.g., 2′,6′-dimethoxyacetophenone and 3- 
methyl-1-(2,4,6-trihydroxyphenyl)− 1-butanone) also demonstrated 
that the exothermic Friedel-Craft acylation occurred during MAFP of SB. 
The exothermic profile of this mechanism was verified by the reduced 
relative composition in the bio-oil derived from higher microwave 
power input. In addition, a cyclic C5-ketone (i.e., 3-hydroxy-2-methyl- 
cyclopentane-1-one) was observed in the bio-oil, indicating the exis
tence of the Piancatelli rearrangement (H17) of furfural (see the furfural 
formation mechanism explanation in subsection 3.3.1) during the pro
cess. The Piancatelli rearrangement involves a protonation-dehydration 
sequence that provides carbocations with two OH– groups allowing a 4π 
electrocyclization ring closure [83]. Since the product of this reaction (e. 
g., 3-hydroxy-2-methyl-cyclopentane-1-one) was readily dehydrated 
(H8) into 2-methyl-cyclopent-2-ene-1-one and then hydrogenated (H9) 
into 2-methylcyclopenta-1,4-dien-1-ol, its relative content in the bio-oil 
decreased with microwave power input and processing time. 

With relatively the same compositions of bio-oil as that of NS-derived 
bio-oil, the biogas composition was similarly composed of carbon di
oxide, methane, propene, and hydrogen. However, the comparatively 
lower relative composition of hydrogen in SB-derived biogas was due to 
the reactivity of the resulting bio-oil constituents toward hydrogenation 
and dehydration reactions, e.g., 3-hydroxy-2-methyl-cyclopentane-1- 
one into 2-methylcyclopenta-1,4-dien-1-ol and 2-ethylphenol into 
styrene. 

3.3.3. Orange seed (OS) 
The increased formation of bio-oil from OS at higher microwave 

power input and longer processing time was greatly associated with the 
formation of aldehydes (e.g., 2-oxo-3-cyclopentene-1-acetaldehyde), 
ethers (e.g., 2-oxopropyl acetate), O-heterocyclics (e.g., 2-furanmethanol 
and 5-hydroxymethyl-2(5H)-furanone), N-heterocyclics (e.g., 1-(1H-pyr
azol-4-yl)ethanone, 2-pyrrolidone, methyl-2-methyl-5-oxopyrrolidine-2- 
carboxylate, 3-methyl-4-propyl-2,5-dihydro-1H-pyrrole), and ketones (e. 
g., 3-methylcyclopent-2-en-1-one). However, the products of cleavage of 
β-ether bonds of lignin and subsequent derivation via the Friedel-Craft 
acylation (see detailed explanation in subsection 3.1.1) were still signif
icant in the biocrude despite the lowered relative composition at higher 
reaction severity, e.g., 2-methoxyphenol, 2,6-dimethoxyphenol, 4-(4-hy
droxy-3-methoxyphenyl)− 2-butanone, and 1-(2,6-dihydroxy-4- 
methoxyphenyl)− 1-butanone. 

The aldehydes, ethers, and O-heterocyclics were obtained from cel
lulose derivatives via various endothermic mechanisms, e.g., glucose, 5- 
HMF, and furfural. The retro-aldol condensation (H26, H27) of glucose 
yielded glyceraldehyde. Upon a series of reduction (H29), dehydration 
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(H30), and oxidation (H31), glyceraldehyde was converted into 1-hy
droxy-2-propanone that readily reacted with acetic acid (H32) forming 
2-oxopropyl acetate [84]. The decarbonylation (H14) of 5-HMF yielded 
2-furanmethanol. Moreover, 5-HMF may undergo the Baeyer-Villiger 
oxidation dan 1,4-rearrangement producing 5-hydroxymethyl-2 
(5H)-furanone [85]. The endothermic Piancatelli rearrangement (H15) of 
furfural into 5-hydroxy-4,4-dimethyl-cyclopent-2-en-1-one [86], fol
lowed by oxidation of the hydroxyl group into carboxylic acid group 
yielded 2,2-dimethyl-5-oxocyclopent-3-ene-1-carboxylic acid (H20). 
Further demethylation (i.e., expelling methyl substituent as methane) and 
reduction of the carboxylic acid group produced 2-oxo-3-cyclopente
ne-1-acetaldehyde (H21). 

The formation of N-heterocyclics in OS-derived bio-oil involved the 
α-dicarbonyls, dicarboxylic acid, amines, and hydrazines. The resulting 
amines from protein decomposition may couple to form hydrazines. The 
cyclocondensation between a suitable hydrazine acting as a bidentate 
nucleophile and a carbon unit including a 1,3-dicarbonyl compound (e. 
g., 3-oxobutanal) produced substituted pyrazoles, e.g., 1-(1H-pyrazol-4- 
yl)ethanone [87]. The protein-derived amines may directly react with 
other α-dicarbonyls via the Paal-Knorr reaction producing 3-methyl-4-
propyl-1H-pyrrole [88,89]. This compound may be hydrogenated into 
3-methyl-4-propyl-2,5-dihydro-1H-pyrrole. Moreover, pyrroles (e.g., 
2-pyrrolidone) may be obtained from ring conversion of γ-butyrolactone 
via the reaction with primary amine/ammonia (L35) [90]. The 
γ-butyrolactone was produced from a series of reduction (L33) and 
dehydrogenative cyclization (L34) of 2-butyne-1,4-diol, which was the 
product of butynylation (L32) involving formaldehyde (i.e., a product of 
dehydroxymethylation of 5-HMF, H5) and acetylene, i.e., a product of 
C–C bond scission of styrene (L31) [91,92]. 

Meanwhile, the methyl 2-methyl-5-oxopyrrolidine-2-carboxylate 
was acquired through the cyclization (H13) of 2-methylenesuccinic 
acid with amines followed by esterification with methanol [93]. The 
2-methylenesuccinic acid originated from the Baeyer-Villiger oxidation 
(H12) of levulinic acid, i.e., a product of 5-HMF rehydration (H12) [94]. 
The methanol came from demethoxylation of methoxy substituent of 
alkoxyphenols (L9). 

3.3.4. Biochar formation 
According to the literature for solid byproduct formation from 

thermochemical conversion of biomass [68], biochar was formed via 
repolymerization of bio-oil constituents. Since the detailed mechanisms 
of biochar formation have also been explained by Cao and coworkers 
[95] and Sudibyo and Tester [96], the mechanistic explanations on 
biochar formation focused on identifying the corresponding precursors 
and the thermodynamic behavior of potential precipitation reactions 
according to the literature. The precursors for biochar formation were 
identified based on the evolution of the relative composition in bio-oil. 

The biochar formation during the MAFP of NS was caused by the 
repolymerization of aromatic aldehydes (e.g., 2-hydroxybenzaldehyde 
and 3,5-dimethoxy-4-hydroxycinnamaldehyde, P10) and aromatic 
ethers, e.g., 1,2,4-trimethoxybenzene and 1,2,4-trimethoxy-5-methyl
benzene (H25). Sudibyo and Tester [96] have reported that aromatic 
aldehydes and ethers included the Knoevenagel, Pechmann, and Perkin 
aldol condensations, all of which are endothermic. As a result, higher 
microwave power input and longer processing time improved the yield 
of NS-derived biochar. 

The biochar formation during the MAFP of SB and OS was underlain 
by the repolymerization of furans (e.g., furfural and 5-hydroxymethyl-2 
(5H)-furanone, H4 and H27), aromatic hydrocarbons (e.g., 4-t-butyl
styrene, L20), amines (2,4,6-trimethylbenzene-1,3-diamine, H26), and 
ketone alcohols, e.g., 4-(4-hydroxy-3-methoxyphenyl)− 2-butanone and 
1-(2,6-dihydroxy-4-methoxyphenyl)− 1-butanone (L37). These pre
cursors were prone to the exothermic regioselective nucleophilic addi
tion, Michael addition, Dieckmann cyclization, and oxidative and 
reductive coupling mechanisms involving the C–C and N–N bonds. 

Given the exothermic nature of these reaction mechanisms, biochar 
formation was inhibited at higher reaction severity (i.e., higher micro
wave power input and extended processing time), giving a lower biochar 
yield. 

4. Conclusions 

This study investigated the mechanistic effects of microwave-assisted 
pyrolysis (MAFP) of three significant agricultural residues (i.e., pecan 
nutshell – NS, sugarcane bagasse – SB, and orange seed – OS) with 
diverse organic macromolecules compositions at different microwave 
power inputs (300–400 W) and processing times (3–5 min) on the yield 
and chemical composition of the products, i.e., bio-oil, biochar, and 
biogas. In general, higher microwave power input and prolonged pro
cessing times increased the bio-oil yield by promoting several endo
thermic reaction mechanisms with the prominent ones are as follows: 
(1) The heterolytic retro-ene fragmentation and Maccoll elimination, 
Friedel-Craft acylation, intramolecular cyclization, and methoxylation 
in the MAFP of NS. (2) The Friedel-Craft alkylation, Piancatelli rear
rangement, and alkylation in the MAFP of SB. (3) The Maillard reaction, 
Paal-Knorr pyrrole synthesis, Baeyer-Villiger oxidation, and ring con
version of γ-butyrolactone. The biochar formation during the MAFP of 
NS was caused by the endothermic repolymerization of aromatic alde
hydes (e.g., 2-hydroxybenzaldehyde and 3,5-dimethoxy-4-hydroxycin
namaldehyde) and aromatic ethers (e.g., 1,2,4-trimethoxybenzene and 
1,2,4-trimethoxy-5-methylbenzene), thus, higher microwave power 
input and longer processing time improved the yield. The susceptibility 
of these bio-oil constituents to repolymerize into biochar provided lower 
biogas yield. In contrast, the biochar formation during the MAFP of SB 
and OS was caused by the exothermic repolymerization of furans (e.g., 
furfural and 5-hydroxymethyl-2(5H)-furanone), aromatic hydrocarbons 
(e.g., 4-t-butylstyrene), amines (2,4,6-trimethylbenzene-1,3-diamine), 
and ketone alcohols (e.g., 4-(4-hydroxy-3-methoxyphenyl)− 2-buta
none & 1-(2,6-dihydroxy-4-methoxyphenyl)− 1-butanone), giving a 
lower biochar yield at higher microwave power input and longer pro
cessing time. The inhibited biochar formation resulted in abundant 
substituted-aromatics in bio-oil available for partial gasification via 
dealkylation, demethoxylation, decarbonylation, and dehydrogenation. 
Despite the different profiles of biogas yield, the main constituents of the 
resulting biogas were carbon dioxide, methane, propene, and hydrogen, 
with additional formation of acetylene and carbon monoxide for the OS- 
derived biogas due to the dehydroxymethylation of 5-hydroxymethyl) 
furfural and dealkylation of 2,6-dimethoxy-4-(2-propenyl)phenol, 
respectively. This study informed pivotal understandings of chemical 
phenomena occurring during MAFP of various biomass feedstocks. 
Future studies will focus on providing kinetic evidences to validate the 
mechanisms proposed using the heuristic graphical approach in this 
study. 
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