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ABSTRACT: In this work, analytical pyrolysis is applied to Eucalyptus nitens (EN) previously treated by
microwave irradiation (MW). Analysis of variance (ANOVA) was used to determine the most influential factor
during pretreatment. The chemical composition of untreated and MW-treated EN was determined. Surface
variations produced by the pretreatment were observed with scanning electron microscopy (SEM). Pyrolysis
coupled with gas chromatography/mass spectrometry (Py-GC/MS) allowed for the identification of chemical
compounds. It was determined that the irradiation power significantly affects the average and maximum
temperatures reached by the MW-pretreated samples, while the irradiation time more significantly impacts
moisture loss. The pretreatment affects the formation of extractables, which increase from 1.8% (untreated)
to 5.9% (700 W — 5 min of MW). A decrease in oxygenated compounds, such as acids from 27.71% to 25.94%
w.w™ and phenols from 23.40% to 20.59% w.w™, was observed from the untreated condition to the 700 W-5
min condition. These results demonstrate the positive influence of MW pretreatment on the reduction of
oxygenated compounds obtained from biomass pyrolysis.

KEYWORDS: Biomass pyrolysis, Microwave pretreatment, Oxygenated compounds.

Pirdlise analitica de Eucalyptus nitens pré-tratado com micro-ondas: Influéncia do pré-tratamento
nos compostos obtidos na pirdlise

RESUMO: Neste trabalho, a pirdlise analitica é aplicada ao Eucalyptus nitens (EN) previamente tratado por
irradiagdo de micro-ondas (MW). A andlise de varidncia (ANOVA) foi utilizada para determinar o fator mais
influente durante o pré-tratamento. A composicdo quimica do EN ndo tratado e tratado com MW foi
determinada. Variagbes de superficie produzidas pelo pré-tratamento foram observadas com microscopia
eletrénica de varredura (MEV). A pirdlise acoplada a cromatografia gasosa/espectrometria de massa (Py-
GC/MS) permitiu a identificacdo de compostos quimicos. Determinou-se que a poténcia de irradia¢éo afeta
significativamente as temperaturas média e mdxima atingidas pelas amostras pré-tratadas com MW,
enguanto o tempo de irradiagdo impacta mais significativamente a perda de umidade. O pré-tratamento afeta
a formagdo de extraiveis, que aumentam de 1,8% (ndo tratado) para 5,9% (700 W - 5 min de MW). Observou-
se uma diminuigdo nos compostos oxigenados, como dcidos de 27,71% para 25,94% w.w—-1 e fendis de 23,40%
para 20,59% w.w-1, da condigdo néo tratada para a condigdo de 700 W - 5 min. Esses resultados demonstram
a influéncia positiva do pré-tratamento com MW na reducéo de compostos oxigenados obtidos da pirdlise de
biomassa.

PALAVRAS-CHAVE: Pirdlise de biomassa, Pré-tratamento com micro-ondas, Compostos oxigenados.
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1. INTRODUCTION

The short- and medium-term availability of petroleum-based energy and industrial resources
and products is becoming increasingly limited (Xiu & Shahbazi, 2012). This situation has prompted
researchers to seek new alternatives to fossil fuels, identifying renewables (geothermal, solar, wind,
hydroelectric, and biomass) as potential sources of energy and valuable resources (Ahmed et al,,
2021). Lignocellulosic biomass, a category of energy products derived from organic matter produced
through biological means, is the most abundant raw material available on earth for the production
of sustainable biofuels and high-value industrial products (Azevedo et al., 2019). It is primarily
composed of cellulose, hemicellulose, lignin, and to a lesser extent, ash, proteins, extractives, and
inorganic compounds; additionally, in its raw state, it contains significant amounts of water (Amit et
al., 2018).

The thermal decomposition of biomass leads to the breaking of bonds that can transform into
high-value-added products (Parihar et al., 2007). One thermochemical conversion process is
pyrolysis, which, in the absence of oxygen, can produce more than 300 organic compounds, mainly
condensable gases, biochar, and non-condensable gases (Roy & Dias, 2017). One of the challenges in
biomass pyrolysis is the low calorific value of the resulting products (16.7-19 MJ/kg compared to 40-
45 MJ/kg for fossil fuels), which is mainly due to the high-water content of the raw material (Chen et
al., 2013). A pretreatment that minimizes the moisture content of the raw material could become a
critical step for converting lignocellulosic biomass into sustainable energy products and could also
deconstruct the biomass cell wall organization (cellulose, hemicellulose, and lignin), facilitating its
conversion processes (Ahmed et al., 2022).

Biomass microwave drying pretreatment is gaining popularity due to advantages such as
rapid, selective, volumetric, uniform heating, easy control, operation at low temperatures, energy
savings in the process, and portable equipment (Cao et al., 2017). Lignocellulosic biomass is a material
that absorbs MW converting it into heat energy internally (Huang et al., 2016). MW heating induces
disruption in lignocellulosic biomass through molecular collision caused by dielectric polarization; this
MW radiation accelerates chemical, biological, and physical processes, generating heat due to the
vibration of polar molecules and ionic movement (Bhutto et al.,, 2017). This movement of polar
molecules results in rapid heating, leading to shorter processing times compared to other heating
methods (Aguilar-Reynosa et al., 2017). The effectiveness of MW irradiation on lignocellulosic
biomass depends on several factors, with the most important being irradiation power and time, and
the chemical composition of the biomass (Saini et al., 2015). Increasing the MW irradiation time and
power produces vibration and forms hot spots within the biomass, which removes water, reorients
and fractures the crystalline chains of cellulose, and breaks various bonds in hemicellulose and lignin,

potentially altering the chemical composition of the treated biomass (Bichot et al., 2020).
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Pyrolysis products can be non-condensable gases, condensable gases, and solids.
Condensable gases generally contain a high-water content and hundreds of organic components such
as acids, alcohols, ketones, furans, phenols, ethers, esters, sugars, aldehydes, alkenes, nitrogen, and
also oxygenated compounds (Hu & Gholizadeh, 2019). In previous studies, we have investigated the
influence of MW pretreatment on the pyrolysis of Pinus radiata and Eucalyptus globulus. The
pretreatment affected the chemical composition of the biomass, reduced moisture content, and
decreased oxygenated compounds during pyrolysis.

This study evaluates the yields of analytical pyrolysis products from Eucalyptus nitens (EN)
originating from the Bio-Bio Region in Chile. The EN was pretreated with MW, and the influence of
the pretreatment on its chemical composition and the compounds and compound families during its

analytical pyrolysis was investigated.

2. MATERIALS AND METHODS
a. Materials
The Investigaciones Forestales Bioforest S.A. company from Bio Bio, Chile, provided
Eucalyptus nitens samples as chips. The chips were exclusively made of wood without bark, and the
position of the sample within the trunk was not considered (sapwood/heartwood). Samples were
ground and sieved to achieve an average particle size of 0.33 mm and stored in a desiccator until

further use, according to the procedure reported elsewhere (Venegas-Vasconez et al., 2024).

b. Methods
i. Microwave pretreatment
The biomass was irradiated in a Thomas TH-18B03 microwave oven (230 V, 50 Hz, operating
frequency 2450 MHz). The irradiation power levels were 259, 462, 595, and 700 W, with irradiation
times of 1, 2, 3, and 5 minutes. The average temperature was obtained using an Optris PI160 infrared
camera (320x240 pixels) and the PI Connect software. The temperature values correspond to the
average temperature recorded at six points in the biomass at the end of the microwave application.
Mass loss was recorded on a Boeco digital balance (BAS 31 Plus) with a resolution of 1x10“ g, and the
moisture content of the samples was measured on an XY200MW thermobalance with a resolution of

1x1073 g, according to the procedure reported elsewhere (Venegas & Alejandro-Martin, 2021)

ii. Statistical analysis
Statistical analysis was performed using Design Expert software, with a categorical multilevel

experimental design used to evaluate the factors with the greatest influence on the response
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variables, as shown in Table 1. The tests were conducted in triplicate, and statistical analysis was

carried out in Design Expert with a significance level of a=0.05.

TABLE 1. Factors and Variables in Experimental Design

Raw material Power (W) Time (min) Response Variables
259 1 Tavg (°C)
, 462 2 Trmax (°C)
Eucalyptus nitens
595 3 Humidity loss (%)
700 5

Source: Own Authorship (2024).

iii. Biomass chemical composition

To separate the extractives from the raw material, 300-400 mg of ground wood sieved
between 45-60 mesh is required. The procedure is performed in a Soxhlet apparatus with 90%
acetone for 16 hours according to TAPPI T 280 pm-99 (2015) and is connected to a constant water
flow, following the procedure reported by Cruz et al. [45]. To quantify the extracted compounds,
approximately 200 pL of extractable material was mixed with 100 uL of pyridine (1.5 mg DMAP/mL
of pyridine) and 200 pL of BSTFA (10% TMCS) (Torri et al., 2013), and heated for 30 minutes at 60 °C
under a flow of N2. Quantification was performed using GC-MS on an Agilent 7890A column with
helium as the carrier gas. Holocellulose is obtained by oxidation of the extractive-free wood according
to TAPPI T 9 m-54 (2015), as previously reported by Aguayo et al. (Aguayo et al., 2010). Once the
percentage of holocellulose is obtained, insoluble alpha-cellulose is quantified using a concentrated
solution of 17.5% w/v NaOH, and the percentage of hemicellulose is determined by difference.
Finally, the percentage of lignin is determined using the Klason method according to TAPPI T22 om-
06 (2006), as described previously by Mendonca et al. (Mendonca et al., 2008). The mass of insoluble
lignin was determined by filtration, and soluble lignin was determined by UV spectroscopy. The total

lignin content was obtained by summing the insoluble and soluble lignin.

iv. Statistical analysis
The changes in the biomass surface resulting from microwave pretreatment (MWI) were
analyzed using a JEOL JSM-6610LV scanning electron microscope (SEM) (JEOL, Tokyo, Japan)
operating at 5 kV and with a magnification of 500X.
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v. Pyrolysis analysis
The pyrolysis was conducted at a temperature of 550°C using a CDS Analytical Pyroprobe 5200
HPR coupled with gas chromatography (Clarus 690) and mass spectrometry (SQ8), following a
previously reported procedure (Alejandro-Martin et al., 2019). A sample size of 0.5 mg and hydrogen
(Indura 99.999%) as the carrier gas were used. The identification of compounds was performed using
the NIST 2017 library and TurboMass 6.1.0 software. Analytical pyrolysis was applied to both

extractive-containing and extractive-free samples.

3. RESULTS
i. Microwave pretreatment

The effectiveness of the microwave irradiation pretreatment depends on the following
factors: irradiation power and time, and biomass composition (Saini et al., 2015). Table 2 shows the
recorded average temperature (Tavg), maximum temperature (Tmax), and mass loss (Mioss) for EN
samples, according to the irradiation power and time. Drying is a thermal process to remove water
from the biomass, occurring between ambient temperature and 150 °C (S. Wang et al., 2017). As the
power and irradiation time increase, the average temperature, maximum temperature, and mass loss
increase proportionally. The highest temperature differentials are obtained at higher powers and
irradiation times, as demonstrated by Oliveira & Franca (Oliveira & Franca, 2002) in their study of the
effects of microwave power, irradiation time, and moisture content in barley, canola, and wheat.
Manickavasagan et al. (Manickavasagan et al., 2006) also concluded that temperature differentials
were greater at higher processing times due to the increased energy delivered. Since the water
molecule present in the biomass is polar, it absorbs microwave energy very easily, generating
collisions, vibration, and increased internal kinetic energy, resulting in a more pronounced increase

in the biomass temperature (X. Wang et al., 2008).

TABLE 2. Microwave pretreatment

Time 259 W 462 W 595 W 700 W

(min) Tavg  Tmax Micos | Tavg Tmax  Miocos | Tavg Tmax  Micos | Tavg Tmax  Mioos
1 59.3 659 065|752 830 1.08| 773 876 121|837 903 1.73
2 645 69.8 1.26| 81.7 89.1 186| 8.2 89.2 215|881 93.7 3.17
3 67.4 721 254 | 89.8 952 315|956 104.0 3.98 | 98.6 1239 4.46
5 716 775 3.11|1049 1120 3.74|103.5 117.0 4.57 |106.8 143.0 4.98

Source: Own Authorship (2024)

“Amazédnia: Industrial e Sustentdvel.”
Anais do 242 CONEMI - Congresso Internacional de Engenharia Mecdnica e Industrial | 5 de 13



sy
TEMA DO 242 CONEMI: W

“Amazonia: Industrial e Sustentavel” aqﬂ CON@W

OONGRESSO INTERNACONAL DE
ENEDEARIA MECANICA E INDUSTINM

FENEMI

ii. Statistical analysis

Table 3 presents the ANOVA results (F-value) for the selected factors: power and irradiation
time, and their interaction for EN. The presented values correspond to a p-value < 0.05, indicating
that all the models are significant. The standard deviation and R? values are also shown. The ANOVA
analysis for all models across all biomass species indicates that they are significant. The response
variables Tavg and Tmax are the most significant for irradiation power, while time is the most significant
variable for Mioss. There is greater standard deviation in Tayg compared to Tmax for EN. The interaction
between the two factors is significant for all models except for Tavg. The R? values for all models are
above 80%, indicating that the models are robust. Therefore, it can be confirmed that the variation
in power is the most significant factor affecting Tawg and Tmax achieved during EN microwave
pretreatment. This is why subsequent characterizations and analyses were performed considering

the minimum and maximum power at the maximum irradiation time ((259 and 700 W) and 5 min).

TABLE 3. ANOVA (F-Value) for EN

Raw material F-Value

Tavg Tmax Mioos
Model 44.79 46.96 110.05
Power 55.86 130.11 22.65
Time 33.73 91.26 417.50
Power-Time NA 9.47 3.36
Std. Dev. 5.94 5.15 0.22
R? 0.87 0.95 0.98

Source: Own Authorship (2024).

iii. Chemical composition

Saini et al. (Saini et al.,, 2015) indicate that the effectiveness of microwave irradiation on
lignocellulosic biomass depends, among other factors, on the chemical composition of the biomass.
Table 4 shows the chemical composition of EN before and after MW treatment. The interactions
between electromagnetic waves and matter are expressed as conductive losses, dielectric losses, and
magnetic losses (Sun et al., 2016). The alignment of polar molecules caused by microwave irradiation
forces the dipoles of the molecules to align in the radiation field (polarised). The rearrangement of
the polar molecules produces a displacement within the material that generates heat (Motasemi &
Afzal, 2013). In the maximum condition (700 W-5 min), the cellulose content decreased after
pretreatment. Such variation can be associated with microwave irradiation that leads to intense

molecular collisions due to dielectric polarisation, potentially decomposing the cellulose content
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(Mankar et al., 2021). Then, the cellulose structure’s hydroxyl groups (-OH) result in a polar molecule.
Then, as the microwaves pass through these polar molecules, they realign and vibrate them,
increasing their internal temperature and displacement (Aguilar-Reynosa et al., 2017). In this
condition, the lignin content decreased after pretreatment. The glass transition temperature of lignin
(130—200 °C) is usually lower than that of cellulose (230—250 -C) and close to hemicellulose (160—
200 °C) under a dry state (Tsubaki & Azuma, 2011); therefore, the decrease in this component may
be associated with the initiation of decomposition due to reaching its glass transition temperature,
which results in the disorder of the lignin structure. Additionally, under these circumstances, new
extractives can be generated when the wood is thermally treated due to the degradation of other

components, such as lignin (Li et al.,, 2016). This generation of new extractives is reflected in its

increase.
TABLE 4. Chemical composition for EN
MW treatment Hemicellulose Cellulose Lignin Extractives
- 23.4 51.5 23.3 1.8
259 W -5 min 23.5 51.0 22.4 3.1
700 W =5 min 22.0 49.9 22.2 5.9

Source: Own Authorship (2024).

iv. Surface Morphology

The SEM images with different treatments are shown in Fig. 1 and are used to analyze the
effect of microwave pretreatment on the surface structure of EN. It can be observed that the surfaces
remain in the form of compact blocks and the structure appears intact. As microwave irradiation at
259 W and 5 min is applied, the structures begin to crack slightly. Under conditions of 700 W and 5
min, the fragmentation is very pronounced due to microwave irradiation, with some fragments visibly
detached from the biomass surface. These results are similar to those obtained by Liang et al. (Liang
et al., 2019) in pine sawdust treated with microwaves prior to pyrolysis, and by Amini (Amini et al.,
2018) in microwave pretreatment prior to enzymatic saccharification of eucalyptus sawdust.
Microwaves act by heating biomass rapidly and locally, making it more porous and with increased
surface area due to the cleavage of the raw material, resulting in greater availability for subsequent

transformation into commercially valuable products (Cantero et al., 2019).
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FIGURE 1. SEM images before and after EG MW treatment.
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Source: Own Authorship (2024).

v. Analytical pyrolysis

The identified compound families (Figure 2) constitute the typical families of compounds
formed during pyrolysis: oxygenates (acids, esters, alcohols, ketones, aldehydes), phenols, and
aromatic compounds, as previously reported (Venegas-Vasconez et al., 2023). During microwave
treatment, the cellulose contents were slightly reduced, due to the thermal decomposition of this
component caused by the passage of microwaves (Liang et al., 2019). This reduction in acidic
compounds leads to secondary ketonisation reactions, resulting in condensable gases enriched in
ketones and aldehydes. These results are consistent with the study of the thermal behavior of Robinia
pseudoacacia conducted by Mészaros et al. (Mészaros et al., 2007). Depolymerization reactions at
the end of the polymer chain break the — bond to form levoglucosan and acetic acid (Piskorz et al.,
1989). Then, dehydration, fragmentation, and condensation reactions form acids, furans, and
aldehydes (Trubetskaya et al.,, 2021). Hemicellulose pyrolysis comprises decomposition and
polymerization reactions, leading to the cleavage of glycosidic bonds, the formation of
oligosaccharides, and their subsequent breakdown into xylose (Yogalakshmi et al., 2022). The second
stage is the depolymerization of these intermediates, converting them into aromatic alcohols known
as monolignols. Additionally, the decrease in lignin content led to a reduction in phenols, which is
associated with depolymerization reactions and the cleavage of C-O and C-C bonds present in lignin
due to the breakage of B-O-4 bonds in lignin as microwave power increases (Motasemi & Afzal, 2013).
These organic compounds are then transformed into methoxyphenols by breaking the C=0 and C=C
bonds (Ren et al., 2012). As the irradiation power intensifies, the microwaves rearrange the lignin
(Ma et al., 2009). This effect explains why the yield of the phenolic compounds formed decreased as

the microwave power increased.
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FIGURE 2. Family compounds formed during analytical pyrolysis of EN.
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4. CONCLUSIONS

This work evaluated the effects of microwave pretreatment on the analytical pyrolysis of
Eucalyptus nitens. The most significant variations in maximum temperature and mass loss were
obtained for the 700 W-5 min pretreatment. Microwave pretreatment influenced the decrease in
cellulose content due to the vibration and realignment of the (-OH) groups and the reduction in lignin
content upon reaching its glass transition temperature. This lignocellulosic component’s
rearrangement increased extractives. The surface fragmentation of biomass structures was
confirmed after microwave heating. The pyrolysis of pretreated biomass showed a reduction in
oxygenated compounds: acids and phenols, demonstrating a positive influence of microwave
pretreatment, finally favoring properties of potential liquid pyrolysis products. Therefore, the
microwave pretreatment of Eucalyptus nitens is a promising technology for obtaining valuable

compounds in pyrolytic processes.
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