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Abstract: This study is focused on the modelling of the production of bio-oil by thermochemical
liquefaction. Species Acacia melanoxylon was used as the source of biomass, the standard chemical
2-Ethylhexanol (2-EHEX) was used as solvent, p-Toluenesulfonic acid (pTSA) was used as the catalyst,
and acetone was used for the washing process. This procedure consisted of a moderate acid-catalysed
liquefaction process and was applied at 3 different temperatures to determine the proper model: 100,
135, and 170 °C, and at 30-, 115-, and 200-min periods with 0.5%, 5.25%, and 10% (m/m) catalyst
concentrations of overall mass. Optimized results showed a bio-oil yield of 83.29% and an HHV
of 34.31 MJ/kg. A central composite face-centred (CCF) design was applied to the liquefaction
reaction optimization. Reaction time, reaction temperature, as well as catalyst concentration, were
chosen as independent variables. The resulting model exhibited very good results, with a highly
adjusted R-squared (1.000). The liquefied products and biochar samples were characterized by Fourier-
transformed infrared (FTIR) and thermogravimetric analysis (TGA); scanning electron microscopy
(SEM) was also performed. The results show that invasive species such as acacia may have very
good potential to generate biofuels and utilize lignocellulosic biomass in different ways. Additionally,
using acacia as feedstock for bio-oil liquefaction will allow the valorisation of woody biomass and
prevent forest fires as well. Besides, this process may provide a chance to control the invasive species
in the forests, reduce the effect of forest fires, and produce bio-oil as a renewable energy.

Keywords: Acacia; Acacia melanoxylon; biofuel liquefaction; bio-oil; biomass; catalyst; forest fires

1. Introduction

Nowadays, non-renewable energy sources represent a significant amount of the pri-
mary energy usage all over the world. Non-renewable energy sources contribute to global
warming, climate change, and pollution. Among the other renewable energy types, biomass
initiatives have been developing recently to limit the use of fossil fuels and reduce the
carbon footprint [1].

In Portugal alone, available forest biomass, including wood industry leftovers, amounts
to about 2.2 million tons per year, or 11,578 GWh/year. When all facilities’ raw materials
are considered, around 6.0 Mtons per year are reached. A sustainable production approach
regarding raw materials based on the recycled component of biomass production could
contribute to addressing this forest biomass deficit [2]. Every year, forest fires rage over Por-
tugal’s forests, killing and injuring a great number of people. Devastating wildfires caused
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considerable damage to Portugal in 2017, with fires blazing continuously in late spring,
and burned areas all over the world have been reported by the European Commission as
478,461 ha [3].

Biomass is an essential renewable energy source that is used in many industries, such
as electricity, heat, and transportation. It has several advantages, including the fact that it is
neutral in terms of carbon as the carbon content is recycled from the atmosphere itself [4].
The spread of biomass energy alongside fossil fuels and other renewable energy sources like
solar and wind is closely related to many other technological advancements, in addition to
having a direct impact on land use, biodiversity, climate change, low-carbon economies,
and sustainable development [5]. Forest biomass is the more abundant raw material for the
production of biofuels and chemical feedstock for industry [6].

Liquefaction is a novel technique that has attracted attention to new technologies
that reduce environmental impact and promote long-term sustainability while also being
a potential solution to the global problem. The use of biomass-derived chemicals to syn-
thesise materials that were previously made from petroleum-based ones can reduce the
current dependence on fossil resources and the environmental concerns associated with
their use, as well as add value to agroforestry by-products (wood scraps, bark, wheat,
corncobs, etc.) [7]. Liquefaction of lignocellulosic biomass residues is an innovative concept
that is an extensively researched process [8]. Thermochemical liquefaction can be applied
to major raw material sources such as agriculture, forest, food, and industrial residues, like
carob tree, pinewood, cork [8], eucalyptus [9], swine manure, poplar, cattle manure [10],
potato peel, wheat straw [11], corn straw [12], olive pomace [13], and rice husk [14,15]. This
process is often acid-catalysed and takes place at moderate temperatures (100-250 °C) in
the presence of organic solvents such as polyalcohol and ethylene carbonate. This method
is gaining attention because the presence of the solvent dilutes the product and prevents
cross-linking and back-reactions [16]. The process does not require high pressure or a prior
drying step. Liquefaction allows the conversion of biomass with a high water content.
In general, the operating conditions that can affect liquefaction are biomass composition,
type of solvent, catalyst, temperature, and reaction time. One of the factors influencing
liquefaction is the type of solvent. Simple alcohols such as methanol, ethanol, propanol,
and butanol result in higher conversion rates, while longer chain alcohols and organic acids
leave more solid residues. However, singlet alcohols have low boiling points and therefore
evaporate before liquefaction begins. Such low-boiling alcohols require the use of sealed
high-pressure vessels, which places greater demands on the equipment [17].

Acacia is a genus of shrubs and trees that are widely distributed throughout the world.
In Portugal, the acacia species that are most commonly found include Acacia dealbata, Acacia
longifolia, and Acacia melanoxylon. These trees were introduced to Portugal from Australia
and South Africa in the late 18th and early 19th centuries and have since become established
as invasive species in many parts of the country [18]. The Acacia melanoxylon, also known
as the blackwood, is native to southeastern Australia and was introduced to Portugal in
the late 19th century. This species is often found in gardens and parks due to its attractive
foliage and dense, durable wood. It has become naturalized in many parts of Portugal,
particularly in the central and northern regions of the country [19].

While the acacia trees are valued for their ornamental qualities and commercial uses,
they have also become a serious problem in Portugal. These trees are considered invasive
species that can outcompete native flora and fauna, alter ecosystems, and even create fire
hazards. The acacia shrubs are considered to be one of the most invasive plant species
occurring in Portugal [20]. The spread of acacia trees in Portugal is due, partially, to their
ability to reproduce and spread rapidly. They can thrive in a variety of soil types and
can tolerate both drought and frost. In addition, the trees are known for their ability to
resprout after being cut down or burned, which makes them difficult to eradicate. To
address the problem of invasive acacia trees in Portugal, various control measures have
been implemented (Decreto-Lei n. ° 565/99 de 21 de Dezembro). These include manual
removal, chemical control, and the introduction of biological control agents such as insects
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and fungi that feed on the trees. These measures have had varying degrees of success, and
ongoing efforts are needed to control the spread of the invasive species [21].

In conclusion, the distribution of acacia trees in Portugal is a complex issue that
involves both the ornamental value of the trees and their invasive nature. While these trees
have become established in many parts of the country, efforts are underway to control their
spread and mitigate their impact on the environment.

Acacia species generally comply with the standards established for the species to be
an ideal energy source, which includes a high yield of biomass per hectare, a low energy
input requirement during growth, an affordable expense requirement during cultivation,
and should produce biomass with a low number of contaminants and external nutrient re-
quirements. It has been researched that acacia species have the favourable thermochemical
characteristics needed to create biofuels using thermochemical procedures [22]. Therefore,
thermochemical liquefaction of Acacia melanoxylon will help to overcome several issues,
such as controlling the invasive presence of Acacia, reducing the effect of wildfires, and
more importantly, producing bio-oil, renewable energy.

To our knowledge, no literature exists on the modelling and liquefaction of Acacia
melanoxylon species using an acid catalyst. In light of this situation, the research will serve
as a significant pioneer and guide.

2. Materials and Methods
2.1. Materials and Chemicals

Biomass samples of Acacia melanoxylon wood chips were collected by Parques de Sintra,
Monte da Lua, located in Sintra, Portugal, as this is an invasive species rather abundant
in Portuguese forests, and it was used as feedstock material. As shown in Figure 1, the
biomass sample was dried for one month, then milled in a Retsch© SM 2000 mill (Thermo-
Scientific, Waltham, MA, USA), and finally sieved in a Retsch© ISO 9001 vibrating sieve
(ThermoScientific, Waltham, MA, USA). A 40-60 mesh fraction was then used for further
chemical analysis.

Figure 1. (a) Acacia wood chips, (b) shredded acacia wood chips, and (c) Acacia melanoxylon tree.

During the reaction, 2-Ethylhexanol (99% purity, Acros, Pittsburgh, PA, USA) was
used as a solvent, pTSA (99% purity, Sigma-Aldrich, St. Louis, MO, USA) was used as a
catalyst, and the solvent acetone (99-100%, Enzymatic) was used for the washing process.

2.2. Liquefaction Reaction

The procedure was performed at 160 °C during 90 min with a feed ratio between
biomass and solvent (B:S) of 1:5, 2-EHEX was used as the solvent, and the catalyst (pTSA)
mass was fed as 3% (m/m) of overall mass, and the feedstock used were standard wood
chips. A process map describing the liquefaction process is shown in Figure 2.

The procedure comprised using a moderate acid catalyst, and the process consisted of
three different temperatures, 100, 135, and 170 °C, and at 30-, 115-, and 200-min periods. A
three-neck glass reactor was used for the reaction, and the catalyst concentration was varied
between 0.5%, 5.25%, and 10% (m/m) relative to the total mass. A Dean-Stark condenser
was connected to one of the necks, and a thermocouple was placed in the other neck.
When the mixture reached the determined temperature, the zero time (t = 0) was set. Water
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evaporates during the liquefaction process, which may potentially contain solvents. To
maintain the concentration, the evaporated water taken from the reactor was reintroduced
into the reactor. When the temperature reached 40 °C, the liquid part of the mixture was
separated from the residue. The residue was washed with acetone, dried in a 100 °C oven,
and weighed. Following the liquefaction process, the glass reactor was left to cool before
vacuum filtering was applied using a BUCHI V-700 (Flawil, Switzerland) vacuum pump.
Following the extraction of the bio-oil, the bio-o0il residue was eliminated from the solid
residue by washing it with acetone.
The liquefaction yield was determined according to Equation (1) as follows:

Yield(%) = (1 - "’S”’“*) % 100 )
Minitial

where mg)iq is the mass of solid residue after filtration and mjp;,) is the initial mass (g).
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Figure 2. Process map of thermochemical liquefaction reaction of forestry biomass.

2.3. Fourier-Transformed Infrared (FTIR-ATR) Analysis

The FTIR-ATR analysis was carried out with a Spectrum Two-Perkin Elmer (Waltham,
MA, USA) apparatus. Spectra were collected between 600 and 4000 cm ™! wavenumbers
using Perkin Elmer-Spectrum 10 IR software to determine the standard fingerprint region
of the lignocellulosic material.

2.4. Ultimate Analysis and Higher Heating Value (HHV)

Ultimate analysis of the bio-oil sample with the best liquefaction yield, biochar, and
fresh biomass was performed by an Elemental Micro Analyzer, Velp Scientifica EMA 502
(Usmate, Italy) to obtain the chemical composition respecting carbon (C), hydrogen (H),
sulphur (S), and nitrogen (N).

The oxygen content was determined in accordance with Equation (2), as follows:

0(%) = 100 — C(%) — H(%) )

Also, a higher heating value (HHYV) of the bio-oil sample was obtained using a correla-
tion developed by Mateus et al. [23], via Equation (3):

HHV (12) = 0.363302C + 1.087033H — 0.1009920 3

The energy densification ratio (EDR in MJ/kg) values were determined according

to Equation (4) [23], and higher heating values of the biomass and bio-oil samples are
displayed in Table 1.

EDR = HHVpjiqoil ~ HHVpiomass (4)
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Table 1. Elemental analysis results of the fresh biomass.

Elemental Analysis (%)
Sample HHV (M]/kg)
S C H N o

A. Melanoxylon <0.1 47.44 5.79 <0.5 46.77 18.82

2.5. Thermogravimetric Analysis (TGA)

Hitachi-STA7200 (Tokyo, Japan) equipment was used in non-sealed aluminium cru-
cibles to perform thermogravimetric analysis (TGA) on biochar and bio-oil samples at
temperatures ranging from 30-600 °C in an N; atmosphere with a flow rate of 200 mL/min
and a heating rate of 5 °C/min.

2.6. Scanning Electron Microscopy (SEM) Analysis

Before and after the thermochemical liquefaction procedure, scanning electron mi-
croscopy (SEM) analysis was performed in order to detect morphological changes in the
acacia wood chips. A microscope, the Phenom ProX G6 from ThermoFisher Scientific
(Waltham, MA, USA), was used, with a low vacuum detector and an operating pressure of
around 60 Pa.

2.7. Response Surface Methodology (RSM) and Statical Analysis

Response surface methodology (RSM) is a successful method for development, im-
provement, and optimization operations based on experimental data obtained at different
levels on a set of input variables. It enables the assessment of each parameter’s impact and
the parameters’ significant interactions [24]. It optimizes nonlinear systems in compari-
son to conventional experimental design techniques, enabling more accurate estimation
of principal and interaction effects by regression fitting. For carrying out experiments,
analysing connections between independent variables and responses, and creating models,
it is a particular collection of statistical design combinations and numerical optimization
methods [25]. There are three basic steps in the RSM approach. The experiment needs to be
designed first, and then the coefficients of a mathematical model are estimated using the
experimental data. In order to verify the model’s accuracy, the reaction is predicted and
compared to the experimental results [26].

This paper aims to conduct a more systematic analysis using an RSM experiment to
explore the effects and interactions of the three key and independent experimental variables,
such as reaction temperature (x1), reaction time (x?), and catalyst concentration (x3). The
factorial design applied was a central composite face-centred (CCF) design (Figure 3). The
design included three duplicates of the cube’s central point (0,0,0), one experiment for each
cube’s vertices (factorial points), face-centred (axial points), and a total of 17 experimental
sites. The three variables—temperature, duration time, and catalyst concentration—were
coded and varied from 100 to 170 °C, 30 to 200 min, and 0.5 to 10% w/w, respectively. The
response of the conversion (Y, %), which is a function of these three parameters, is given by
Equation (5), as follows [24]:

¥ = f(x1,x2,x3) )

where Y is the response of the model and x” the independent variable, commonly referred
to as factors [26].

The experimental results were fitted using multiple linear regression (MLR) techniques.
An overview and forecasting model for the variations in the factors was created using a
second-order polynomial, as shown in Equation (6) [27], as follows:

3 3 2 3
Y= Bot+ Y Bii+ Yy Bt + Y Zj:i—i-l Bijxixj te (6)

whereas Y indicates the predicted response, ¢, 3i, fii, and (ij signify the regression
coefficient for intersection, linear, square, and interaction effects, respectively, ¢ represents
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a random error, and Xi and Xj are dimensionless coded estimators of independent factors.
The experimental design was developed using the software MODDE Pro version 12.1
(Umetrics AB, Umea, Sweden).

Yield [%]
.BC'
Catalyst gg
i 20
Qb S &/ 2 i i
- . o Overlapping points
1 49
o0 = —e12
e 3
Tem perature L Time

Figure 3. Central composite face centre designs for the optimization of acacia wood chip liquefaction.

3. Results
3.1. Chemical Analysis of Biomass

The moisture of the biomass was determined before the liquefaction process took
place, and the moisture content of the feedstock was determined to be 8.04%. In addition,
the contents of carbon, hydrogen, and oxygen are shown in Table 1.

The results show that carbon, hydrogen, and oxygen vary between 47.44%, 5.79%, and
46.77%, respectively, whereas nitrogen and sulphur content were below the detection limit.
As a result, these components can be eliminated, as explained by other authors [28]. The
HHYV value of the used biomass feedstock was 18.82 MJ/kg.

3.2. Biomass Thermochemical Liquefaction

The objective of the current study was to assess and model acacia wood chips, namely,
Acacia melanoxylon wood chips from Parques de Sintra, Monte da Lua, in Sintra, Portugal. The
data on the thermochemical liquefaction reactions of acacia wood chips are presented on
Table 2.

Table 2. Thermochemical liquefaction reactions of acacia wood chips.

Experiment No. ConcS:’::alzlis:)tn (%) Temperature (°C) Time (min) Predlc(tozc)l Yield Obser;;zv;i Yield
1 p-TSA (10%) 100 200 44.6112 44.67
2 p-TSA (5.25%) 135 115 58.6802 59.36
3 p-TSA (10%) 170 200 83.1638 83.24
4 p-TSA (0.5%) 170 30 39.7825 39.80
5 p-TSA (0.5%) 100 200 12.5255 12.93
6 p-TSA (0.5%) 135 115 27.6048 27.30
7 p-TSA (5.25%) 170 115 80.2282 80.58
8 p-TSA (5.25%) 135 200 59.7222 59.30
9 p-TSA (5.25%) 100 115 38.6566 38.00
10 p-TSA (5.25%) 135 115 58.6802 58.40
11 p-TSA (5.25%) 135 30 51.2826 51.40
12 p-TSA (10%) 100 30 41.2066 41.40
13 p-TSA (10%) 170 30 83.6183 83.29
14 p-TSA (0.5%) 170 200 53.2572 53.14
15 p-TSA (5.25%) 135 115 58.6802 58.89
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Acacia wood chip samples were subjected to the liquefaction process under various
conditions in order to assess the impact of biomass valorization on process yield and model
the liquefaction of acacia wood chips. Under 100, 135, and 170 °C, the reaction lasted
between 30 and 200 min. Table 3 presents the results, showing that the best conversion
liquefaction was 83.29% at 170 °C and 30 min of reaction time, and the worst yield value
for liquefaction was 12.93% at 100 °C and 200 min of reaction time. It is possible to
conclude that under particular conditions, Acacia melanoxylon, as biomass, produced an
ideal liquefaction yield.

Table 3. Coefficient values for the obtained model.

Yield Coefficient
Constant —69.9973
Temperature 0.480372
Time 0.239866
Catalyst 11.0588
Temp*Temp 0.000622243
Tim*Tim —0.000439829
Cat*Cat —0.536067
Temp*Tim —0.000324293
Temp*Cat —0.00327686
Tim*Cat —0.00862486

The results showed that the liquefaction yield was similar to other studies performed
by using pTSA as the acid catalyst [8]. The crystallinity of pTSA, in contrast, is lower than
that of the commercially available mineral acids. Because pTSA has a low proportion of
crystallinity, it may liquefy organic sulfonic acid more effectively than other acids, such
as sulphuric and hydrochloric acid [29]. It seems appropriate to presume that higher
temperatures have a positive impact on the liquefaction yield. The formation of a solid
residue following maximum conversion results in an increase in the insoluble solid fraction.
These compounds, also known as tar type and humin content, are frequently linked to
reactions of recondensation of decomposition products. The yields of the liquid fraction are
reduced as a result of this occurrence. The residue of biomass continues to liquefy during
extended reactions, boosting the conversion [30].

Regarding the decomposition mechanism, it is thought that in holocellulose, the acidic
catalyst protonates the oxygen atoms in the glycosidic bonds, which is followed by the
hydrolysis of this bond followed by the formation of carbonium ions, which then react to
produce smaller moieties. However, lignin behaves in a way that is comparable to how
ether and ester bonds are broken during the cleavage process [31].

Low biomass conversions were observed for lower temperatures, such as 100 °C. It is
easier to understand the differences in the breakdown activation energies of the feedstock’s
components, hemicellulose, cellulose, and lignin when it is regarded that lignin has the
greatest value, just followed by cellulose and hemicellulose. Crystalline cellulose must be
taken into account because it can impact the process. Crystalline cellulose has a higher
decomposition activation energy than amorphous cellulose. Low temperatures prevent the
reaction’s energy from breaking the glycosidic bonds and the cellulose’s crystalline structure.

Software MODDE 12.1 Pro® was applied to develop an experimental matrix, and
the central composite face-centred (CCF) design was selected. First, the effects of three
variables (T, cat, and time), the second-order effects, and the interactions between the
two variables (T*T), (cat*cat), (time*time), (T*cat), (T*time), and (time*cat) were estimated.
Figure 4 exhibits both the correlation coefficient and the model’s coefficient plot. The effect
of each variable measures the influence of its variation on the response. It should also be
noted that catalyst concentration has the greatest influence on yield, whereas reaction time
has a minimal impact on yield.
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Figure 4. Contribution of coefficients to the model regarding the liquefaction of acacia wood chips.

R? = 1.000 indicates (Figure 4) that the derived model has a strong fit with the experi-
mental data. This R? value shows that independent variables, in the factor area, have the
potential to account for 100% of the observations. The software demonstrates an astonish-
ing capacity to anticipate brand-new correct responses with a 100% probability. A reliable
prediction of the impact of modifying process parameters and process optimization was
made possible by the Q? value of 0.99, which is ideal >0.5. The model exhibited an excellent
validity score that was far higher than the necessary value, which is 0.25. Similar to this,
the reproducibility that was produced greatly outperformed the needed value, showing a
high experimental control [32].

The correlation coefficients and their impact on the yield provided a basis for the
regression model equation. Figure 4 shows the plot effect that was used to determine
values. The influence on the yield is considered significant if the confidence interval exceeds

the origin.

v (%) = —69.9973 + 0.480372X; + 0.239866X, -+ 11.0588X3
+0.000622243X; X1 — 0.000439829, X, — 0.536067 X3 X3 @)
—0.000324293; X5 — 0.00327686 X1 X5 — 0.00862486 X, X3

whereas Y corresponds to yield, X; to the temperature, X; to the reaction time, and X3 to
the catalyst concentration.

Figure 5 displays the performance of the model as provided by Equation (7) for both
the calibration and validation sets. This graphic demonstrates that the calibration model
created for the prediction of the liquefaction of acacia wood chips has excellent accuracy,
even for such experiments conducted for various temperatures and catalyst concentrations.

Variance analysis (ANOVA) was used to evaluate the model fit and to compare it to
pure error. where Y; corresponds to yield, X; to the temperature, X, to the duration time,
and X3 to the catalyst concentration.

The graphical representation of the model (Figures 6 and 7) shows that the ideal liquefac-
tion conditions to maximize conversion are achieved when the acacia sample is having the
reaction at 170 °C in the presence of more than 10% catalyst for more than 30 min.

Figure 6 shows the model’s contour plot, which demonstrates that temperature is the

most crucial element.
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Figure 7 shows the model’s contour plot, which demonstrates that catalyst concen-
tration is the most crucial element. In fact, if the catalyst concentration is used at the
highest level (10%) and the highest temperature (170 °C), conversions exceeding 80% can
be accomplished using a short reaction time (30 min).
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Figure 5. Predicted versus experimental liquefaction conversion resulting from the obtained model.
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Figure 6. 3-D surface plot concerning the response (conversion, %) of catalyst concentration (m/m %) vs.
reaction time (mins).
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Figure 7. Reaction contour plots according to temperature levels, catalyst concentration, and
reaction time.

3.3. Higher Heating Value (HHV) of Bio-Oil and Biochar Samples

Ultimate analysis was performed using samples of bio-oil and solid residue from
the process having the highest liquefaction efficiency, and estimated HHV values were
determined and is shown in Table 4. As predicted, the liquefaction process reduced the
O/C ratios of bio-oil products by roughly 0.31 when compared to equivalent ratios in
biomass feedstock [33,34]. Since the value of bio-oil is quite higher than that of coals and
similar to that of hydrocarbons, it is challenging to identify trends in H/C ratios [33].

Table 4. Elemental analysis of the bio-oil and biochar from the reaction with the best liquefaction yield.

Elemental Analysis (%)

Sample o/C 10H/C HHV (MJ/kg) EDR

C H N o
Bio-oil 68.17 10.75 <0.2 21.08 0.31 1.57 34.31 1.82
Solid residue 52.75 5.31 <0.7 41.94 0.79 1.01 20.69 1.09

The highest yield of bio-oil had an HHV of 34.31 MJ /kg, and the liquefaction procedure
increased the sample’s HHV value by almost 82.28%. Considering the energy concentration
ratio of 1.82, the energy gain of bio-oil is therefore obvious. This improvement is related
to the loss of water and oxygen (by about 56%) during liquefaction. Higher HHV values
are obtained by the thermochemical liquefaction reported in this study compared to bio-
oils obtained by fast pyrolysis and other pyrolysis techniques. This occurrence in the fast
pyrolysis process is explained by the higher oxygen concentration [34,35].

3.4. Scanning Electron Microscopy (SEM) Analysis of Biomass and Biochar Samples

Figure 8 exhibits SEM images of fresh biomass and biochar (from the reaction with
the best and worst conversions) samples that were obtained. Following the experiment at
170 °C, differences between the fresh biomass and biochar samples can be seen. After the
liquefaction process, distinct modifications occurred, particularly in the sample from the
reaction having the best conversion yield.
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Figure 8. SEM micrograph of (a) the fresh biomass (650), (b) the sample that was obtained with the
worst yield (650x), and (c) the biochar sample that was obtained with the best yield (650 ).

Before liquefaction, biomass consists of a bunch of irregularly shaped and porous
fibres to be subjected to SEM analysis to identify morphological changes [36]. The sample
from the reaction having the best conversion yield became comparatively fluffy when we
compared the biochar samples after the liquefaction process, and the fibres were exposed
and dissociated from the original related structure. While the biomass structure appeared
to have deteriorated, it was also observed that the fibre length decreased, and the biomass
structure completely deteriorated. With the removal of hemicellulose and lignin, many
openings of various sizes were formed on the surface [37]. However, fewer holes were
found on the surface of the biochar sample that was generated from the reaction having the
worst conversion efficiency than on the surface of the fresh biomass.

3.5. Fourier-Transformed Infrared (FTIR-ATR) Analysis of Biomass, Bio-Oil, and Biochar Samples

FTIR-ATR spectra obtained from fresh biomass and solid and liquid samples as biochar
and bio-oil products are shown in Figures 9 and 10.

Table 5 displays absorption bands corresponding to the relevant peaks. The bands in
the 3600-3200 cm ! range are known as O-H stretching bonds, which can be caused by
the presence of water or hydroxyl groups, according to the FTIR data. Furthermore, the
peak 1633 cm ™! referred to the O-H bending of water, proving the presence of moisture
as well. The stretching of the C-H molecule and the solvent 2-EHEX are both present in
the 3000-2800 cm ™! region. This signal, which is associated with unconjugated ketone,
ester, or carboxylic groups on aliphatic chains in liquefied biomass and is related to the
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conversion of hemicellulose and located in the region of 1730-1700 cm~?, then corresponds
to the C=0 carbonyl groups. Additionally, the C-O-H single bond, which is located in the
14401395 cm ™! range, could indicate the presence of derivatives from aromatic carbohy-
drates. The peaks that are seen for bio-oil samples, with wavenumbers of 1036-1035 cm ™!
and 1118-1117 cm ™!, indicate the existence of the hydroxyl group as well.

=k
i

500 1000 1500 2000 2500 3000 3500 4000
Wavelength (cm 1)

Figure 9. FTIR-ATR spectra of (a) fresh biomass, (b) bio-oil from the sample with the best conversion,
and (c) bio-oil from the sample with the worst conversion.
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Figure 10. FTIR-ATR spectra of (a) fresh biomass, (b) biochar from the sample with the best conversion,
and (c) biochar from the sample with the worst conversion.

Table 5. The main adsorption observed on FTIR spectra.

Wavenumber (cm~1) Bands Origin Reference
3600-3200 Stretching O-H Hydroxyl groups Bui et al., 2015 [33]
3000-2800 Stretching CHj-, CHjs- Aliphatic bonds Liu et al., 2016 [36]
1730-1700 Stretching C=0 Free ester Liu et al., 2016 [36]
1440-1395 Stretching OCHj3-, -CH,, C-H Carbohydrates Popescu et al., 2007 [37]
1200-1000 Bending O-H Hydroxyl groups Mateus et al., 2015 [23]
1118-1117 Stretching O-H Hydroxyl groups Bui et al., 2015 [33]

1036-1027 Stretching C-O, C-O-C Cellulose, hemicellulose, and lignin Xu et al., 2013 [38]
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3.6. Thermogravimetric Analysis (TGA) of Biomass, Bio-Oil, and Biochar Samples

Figures 11 and 12 exhibit TG curves that indicate a weight loss with temperature
change for samples of biomass and bio-oil and biochar from the reaction that generated the
best liquefaction yield.
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Figure 11. TG (solid lines) and DTG (dashed lines) curves for biomass and dried bio-oil samples with
the best conversion.
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Figure 12. TG (solid lines) and DTG (dashed lines) curves for biomass and biochar samples with the
best conversion.

The first stage for samples of biomass and solid residue begins at 50 °C and concludes
at 240 °C. At this point, the elimination of moisture and extremely volatile components is
the cause of the mass loss. At 240 °C, the second phase lasts until 340 °C, during which
time 54.1% of the biomass is lost in mass. The breakdown of hemicellulose and cellulose is
the main cause of the active pyrolysis seen in this stage [39,40]. The third stage has a 31.3%
mass loss and lasts from 340 °C to 590 °C. The complete thermal degradation process is
separated into three zones: drying (1st), devolatilization (2nd), and char production (3rd).
The drying zone removes moisture and light volatile materials, whereas the devolatilization
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zone involves active pyrolysis. In the char formation zone, disruption and demethylation
of lignin cause char formation [41]. It has been observed that the temperature ranges at
which hemicellulose, cellulose, and lignin thermally decompose are 210-325, 310—400, and
160-900 °C, respectively [42]. Apart from hemicellulose and cellulose, which are primarily
thought to be degraded in the stages of active pyrolysis, lignin is also broken down within
this temperature range. Mass loss is very minimal at temperatures above 590 °C due to the
gradual deterioration that produces char as residue. This stage, known as passive pyrolysis,
can occur as a result of lignin degradation. Other researchers have reported similar patterns
for different biomass species [43,44].

At low temperatures, the bio-oil samples consistently lost the majority of their mass;
at 150 °C, they began to lose mass, and shown in Table 6; and at 220 °C, they consistently
slowed down. A small degradation was seen at temperatures lower than 150 °C, which
might be because of the solvent in the bio-oil. Lighter derivatives correlate to the starting
thermal temperature of thermal decomposition, which was around 150 °C. A mass loss
of about 52.15% was observed on average in the second stage between 240 and 440 °C,
which may have been caused by heavier components in the bio-oil. It is explained by the
gradual breakdown of the sample in the third stage, which occurred between 440 and
590 °C, producing non-degradable ash and carbon.

Table 6. TG temperatures and mass loss of the liquid and solid samples.

STAGE 1 STAGE 2 STAGE 3
Temperature N Temperature o Temperature o
SAMPLE Range (°C) Mass Loss (%) Range (°C) Mass Loss (%) Range (°C) Mass Loss (%)
Bio-oil 150-220 16.3 220-260 52.15 260-590 20.8
Biomass 50-240 3.8 240-340 54.1 340-590 31.3
Solid residue 50-240 16.9 240-540 50.26 540-590 5.6

3.7. Lignocellulosic Content Estimation

It is essential to evaluate the proportion of lignocellulosic polymeric components in
forestry biomass in order to determine its suitability for the production of energy or chemi-
cals. The traditional approach of chemical separation by volumetry is slow, time-consuming,
and requires the use of many chemicals, which makes it unsuitable for producing results
with industrial use [45]. On the other hand, new, affordable, and accurate approaches
have been made possible quickly due to modern rapid techniques like thermogravimetry
(TG). Woody biomass was analysed using TG, and the composition of the lignocellulosic
material was determined by deconvolution of the rate of mass loss curves using a pseudo-
component model.

A curve of time derivative mass loss in function of temperature was generated using
a series of DTG data points to determine the lignocellulosic content of each sample at
a heating rate of 30 °C/min. DTG data were analysed in relation to an isolated sample
of each lignocellulosic component, namely, cellulose, hemicellulose, and lignin, for an
estimation of the volatilization temperature ranges in order to build a comparison with
the literature [34,45] Hemicellulose, cellulose, and lignin are three different lignocellulosic
components that thermally decompose at temperatures of 498-598 K, 598-648 K, and
523-773 K, respectively [35].

Using DTG, a multi-component model was applied to determine the sample’s com-
position, admitting the presence of four main groups: water, hemicellulose, cellulose, and
lignin. Each of these groups contributes to the experimental curve, and it is possible to
recreate a “theoretical” curve by adding the four different curves that each group’s rate
of volatilization at various temperatures represents. The Solver tool in Microsoft Excel
is used to create this theoretical curve, which closely resembles the experimental curve.
To minimize the deviations, symmetric Gaussian-type curves are adjusted by modifying
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three parameters for each region’s curve: a, amplitude; b, position; and ¢, width at half
height [35].

The mean squared error (MSE) was the error technique used to reduce the variance
between the curves (Equation (8)).

(DTGt — DTGE)?
n

MSE = (8)

where DTGt is each interval value of the determined theoretical curve, resulting in the
summation of the four regional curves, DTGg is the experimentally obtained interval values
of the DTG curve, and n is the total registered intervals number. Equation (9) shows the
definition of DTGr as a function of the parameters, «, b, and c, as follows:

DTGt = aexp [— (T_ b)zl )

c
where temperature values (measured in K) are indicated by index T.
Table 7 shows the corresponding parameters modified by Solver for each of the four

separate curves to match the experimental DTG curve of the sample.

Table 7. Deconvolution configurations for each curve to minimize errors concerning the DTG curve.

Water Hemicellulose Cellulose Lignin
Amplitude, a (%/min) 1.315822283 12.73152768 24.2441337 1.496336836
Position, b (K) 348.0759272 599.9823562 643.3753575 669.2339182
Width at half height, ¢ (K) 42.45864594 49.97071652 18.64061813 156.809001

Figure 13 displays an illustration of the theoretical curve created using the aforemen-
tioned deconvolution approach and applied to experimental DTG data acquired from
Acacia melanoxylon biomass.
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Figure 13. Graphic representation of the deconvolution of the 4 curves and the DTG.

Since the area beneath the final individual DTG curves is proportional to the mass
change, the mass loss of each component can be determined by a straightforward numerical
integration using the trapezoid technique. Equation (10) specifies an integrative function
G(T) for symmetric Gaussian-type curves.
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G(T) = ﬁacerf(T_ b) (10)

C

Analytical integration is expressed as follows in the form of integral I (Equation (11)).

I=ac [erfﬂ v (11)

The sum of the decomposed volatile mass compositions plus the fixed carbon residue,
distributed in the proportions mentioned above, was used to calculate the overall percent-
ages of lignocellulosic components contained in the tested biomass sample, as indicated in
Table 8. The percentages are determined on a dry mass basis and add up to 100% when the
ash content of the biomass residue is also considered.

Table 8. Calculated sample composition, taking into account each component’s proportional fixed
carbon residue and volatilized mass.

Curves Integral Sample (%) Sample on a Dry Basis (%)
Water 99.0235092 4.052412649 -
Hemicellulose 1127.641451 46.14730903 48.09637251
Cellulose 801.0173375 32.78062772 34.16514018
Lignin 415.886948 17.01965061 17.73848731

4. Conclusions

Acacia wood chips have been effectively optimized for thermochemical liquefaction.
After 30 min of reaction time at 170 °C with 10% pTSA, the bio-oil recovery rate was 83.29%.
With MODDE 12.1 Pro®, a model was created to predict and modulate the process. For
the liquefaction reaction optimization, a reaction surface methodology (Central Composite
Face Centred-CCF design) was used; reaction temperature, duration time, and catalyst
concentration were selected as independent variables. The model predicted that during
treatments lasting 30 min at 170 °C, with a modest catalyst concentration of 10%, the
maximum bio-oil conversion (>80%) of acacia wood chips could be obtained. FTIR-ATR
was used to identify bio-oil and showed that it contained biomass products.

The TGA data allowed for the characterization of the biomass sample in terms of
composition using discrete Gaussian type and pseudo-component models, providing
information regarding biomass composition. The amounts of cellulose, hemicellulose, and
lignin in the biomass sample were precisely determined in compliance with the literature. In
comparison to other chemical approaches, thermogravimetry has proven to be a genuinely
simple and rapid way of analysing biomass. It also offers a less expensive approach.

Ultimate analysis showed that the carbon concentration greatly increased upon the
liquefaction process. The higher heating value was significantly impacted by changes in
chemical composition. Bio-oil’'s HHV was calculated as 34.31 M]/kg, 1.82 times higher than
the fresh biomass. Forest fire biomass may typically be used in the liquefaction process
without sacrificing effectiveness or performance. This study demonstrates how recovering
and turning wood into biofuels through liquefaction can help us decrease the damaging
effects of forest fires. Additionally, this technology may offer the chance to manage invasive
species that are present in the woods of Portugal and other countries around the world.
Similar studies can be executed for other species existing within the Portuguese forests.
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