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Abstract: This study focused on bio-oil production by thermochemical liquefaction. For the reaction,
the burnt pine heartwood was used as feedstock material, 2-Ethylhexanol (2-EHEX) was used as
a solvent, p-Toluenesulfonic acid (pTSA) was used as a catalyst, and the solvent for washing was
acetone. The procedure consisted of a moderate-acid-catalysed liquefaction process, and it was
applied at three different temperatures, 120, 140, and 160 ◦C, and at 30, 105, and 180 min periods
with 1%, 5.5%, and 10% (m/m) catalyst concentration of overall mass. Optimal results showed a
bio-oil yield of 86.03% and a higher heating value (HHV) of 36.41 MJ/kg, which was 1.96 times
more than the HHV of the burnt pine heartwood. A reaction surface methodology (Box–Behnken
design) was performed for the liquefaction reaction optimisation. Reaction temperature, reaction
time and catalyst concentration were chosen as independent variables. The obtained model showed
good results with a high adjusted R-squared (0.988) and an excellent p-value (less than 0.001). The
liquefied products were characterised by Fourier Transformed Infrared (FTIR) and thermogravimetric
analysis (TGA), and also Scanning electron microscopy (SEM) was carried out to validate the impact
of the morphological changes on the surface area of the solid samples. This study shows an excellent
opportunity to validate a method to upcycle woody wastes via acid-catalysed liquefaction. In
particular, this approach is of great interest to produce bio-oil with a good yield, recovering part of
the values lost during wildfires.

Keywords: liquefaction; bio-oil; solvent; biomass; catalyst; forest wildfires; burnt pine heartwood;
maritime pine; biofuel

1. Introduction

Energy is a crucial factor in sustaining economic growth and maintaining a high
standard of living. Today, fossil fuel’s high costs and environmental impacts have been the
primary driving force in researching sustainable resources, and more and more research is
being developed in this area.

Considering that fossil fuel consumption was 80% during 2000, it shows that there is
limited progress on a global scale in renewable energies that replace fossil fuels. Renewable
energy resources have grown significantly in the 2000–2019 period, and the increasing
energy demand worldwide shows promise in meeting energy demand globally, and it is
promising that some technologies will grow exponentially [1].

Global energy demand in the world is increasing daily due to population growth,
excessive urbanisation, and industrialisation. Currently, most of the world’s primary
energy consumption is based on non-renewable sources [2]. Using non-renewable energy

Resources 2023, 12, 11. https://doi.org/10.3390/resources12010011 https://www.mdpi.com/journal/resources

https://doi.org/10.3390/resources12010011
https://doi.org/10.3390/resources12010011
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/resources
https://www.mdpi.com
https://orcid.org/0000-0003-1608-1063
https://orcid.org/0000-0003-4994-8639
https://orcid.org/0000-0003-0078-2180
https://orcid.org/0000-0001-6626-7769
https://orcid.org/0000-0001-7848-7574
https://orcid.org/0000-0003-2579-6669
https://orcid.org/0000-0002-6738-0672
https://doi.org/10.3390/resources12010011
https://www.mdpi.com/journal/resources
https://www.mdpi.com/article/10.3390/resources12010011?type=check_update&version=2


Resources 2023, 12, 11 2 of 17

resources causes environmental problems such as pollution, global warming, and climate
change. Lately, various initiatives have emerged to limit fossil fuel use and reduce the
carbon footprint, and the most well-known initiative is renewable energy sources [3].

Biomass is one of the important and large amounts of renewable fuel sources. Unlike
fossil oils, biomass (more specifically, lignocellulosic biomass) is cultivated and collected an-
nually, and it is considered carbon neutral as its carbon is recycled from the atmosphere [4].
Biomass energy has numerous advantages: renewable nature, relative abundance, carbon-
neutral ability, low sulphur emission during combustion, accessible transportation, and
storage. Biomass is a source for producing new liquid fuels, synthetic gas, hydrogen, solid
fuels, and valuable chemicals. Liquefaction of lignocellulosic biomass residues, a recently
well-known concept, is a highly researched process [5].

Liquefaction of renewable bio-resources has attracted attention due to the global need
for new technologies, by which environmental impact is reduced and long-term sustain-
ability is increased. Using biomass-derived chemicals to synthesise materials traditionally
made from petroleum-based ones can reduce the current dependence on fossil resources,
reduce the environmental problems associated with their exploitation, and add value to
agroforestry by-products (wood residues, bark, wheat, corncob, and others.) [6]. More-
over, thermochemical liquefaction has been applied to major raw material sources, such
as forest, agriculture, food, and industrial residues, such as pinewood [7–9], cork [5,10,11],
eucalyptus [2,12,13], swine manure [14], poplar [15], cattle manure [16], potato peel [17],
carob tree [18], wheat straw [19], corn straw [20], olive pomace [21], and rice husks [22,23].

In Portugal, the available forest biomass is approximately 2.2 million tonnes per
year (11.578 GWh /year), including residues from the wood industry. The raw material
required to supply all of the biomass power plants and the facilities currently in operation,
such as cogeneration plants, pellet plants, and cement burning plants, is approximately
6.0 Mton / year. A possible contribution to tackling this forest biomass deficit could be
a sustainable raw material production strategy based on transforming a part of biomass
production. This can be performed through direct actions, such as collecting pine and
eucalyptus stumps, debris from clearing and weeding pine and eucalyptus fields, and
material for weeding areas such as acacia [24].

Wildfires that spread through forest areas in Portugal each year sometimes kill and
injure large numbers of people. In 2017, devastating wildfires brought tragedy to Portugal,
with fires repeatedly burning in late spring. The fires near Pedrógão Grande created a
massive wall of fire and flames. On June 17th 2017, the fires occurred during a long, dry
period marked by an abnormally dry and warm spring preceded by a scorching day and
a dry winter. Such a period affected the low humidity level of the local vegetation. In
addition, the fact that a large part of the region has not been burned for nearly 20 years has
resulted in the accumulation of forest fuel and a high risk of forest fires. According to the
official report of the Portuguese authorities [25], nine firing points were reported, and the
largest ones were registered as the “Pedrógão Grande” (28,914 ha) and “Góis” (17,521 ha)
fires [26]. A study on the use of forest bioenergy to reduce and prevent the risk of fire,
prepared for the Portuguese Parliament in 2020, states that there is a potential of 2 million
tonnes of residual forest biomass per year and 5.3 million tonnes of waste from industry
(mainly from pulp and sawmills) [27]. In addition, the burnt areas around the world are
reported, by the European Commission, as approximately 478,461 ha [28].

To the best of our knowledge, there is no existing literature regarding the acid-catalysed
liquefaction of burnt wood. This study aims to evaluate the modelling of burnt pine
heartwood (maritime pine, Pinus Pinaster) thermochemical liquefaction. The biomass and
bio-oil samples were characterised by thermogravimetric analysis, electron microscopy,
infrared spectroscopy, and estimation of high heating value.
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2. Materials and Methods
2.1. Materials and Chemicals

The burnt pine heartwood as feedstock material was supplied from Leiria National
Park, Portugal. The used biomass sample had a diameter of 21.4 cm and was approximately
35–40 years old. As shown in Figure 1, pinewood is used as raw material and has been
shredded by a Retsch© SM 2000 mill (ThermoScientific, Waltham, MA, USA) equipped
with a 4mm sieve to increase the contact surface area. For comparison purposes, the
biomass data was retrieved from Diogo et al. (2021) [29]. In the study, the standard
chemical 2-Ethylhexanol (99% of purity, Acros, Lisbon, Portugal) was used as a solvent,
p-Toluenesulfonic acid (99% of purity, Sigma-Aldrich, MO, USA) was used as a catalyst, and
the solvent for the washing procedure was acetone (99–100%, Enzymatic, Lisbon, Portugal).

Figure 1. (a) Burnt pinewood sample cut into cubes; (b) shredded burnt pinewood sample.

2.2. Liquefaction Reaction

The standard procedure occurred at 160 ◦C, took 90 min, and had a solvent:biomass feed
ratio of 5:1, the solvent used was 2-Ethylhexanol, the mass of the catalyst (p-Toluenesulfonic
acid—pTSA) fed was 3% (m/m) of the total mass of biomass+solvent, and the feedstock
used was standard pine wood, as shown in Figure 2.

Figure 2. Flowchart of the liquefaction process.

In this study, the procedure consisted of a moderate acid-catalysed liquefaction pro-
cess, and it was applied at three different temperatures, 120, 140, 160 ◦C, and at 30, 105
and 180 min periods. The reaction was performed in a three-neck glass reactor with 1%,
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5.5%, and 10% (m/m) catalyst concentration of overall mass. One of the necks was attached
to a Dean Starck/condenser, and in the other neck, a thermocouple was inserted. The
zero time (t = 0) was set as the time when the mixture reached the predetermined temper-
ature. Water evaporation occurs during liquefaction reactions, which may also contain
some solvents. Therefore, the amount of evaporated water removed from the reactor was
reintroduced into the reactor in the same volume to maintain the concentration. When
the temperature reached 40 ◦C, the liquid portion was filtered off from the residues. The
residues were washed with acetone and methanol, dried in an oven at 120 ◦C to constant
weight and weighed.

After the liquefaction reaction, the glass reactor was cooled down until it reached
40 ◦C to apply vacuum filtration by using the BUCHI (Flawil, Switzerland) vacuum pump
V-700. After obtaining the bio-oil, the solid residue was washed with acetone to remove the
bio-oil residue and obtain acetone/bio-oil.

The liquefaction yield was calculated according to Equation (1):

Yield (%) =
(

1 − ms

mi

)
× 100 (1)

where ms is the mass of solids after filtration and mi, the initial mass.

2.3. Fourier Transformed Infrared (FTIR-ATR) Analysis

The FTIR-ATR analysis was performed by a Spectrum Two-Perkin Elmer (Waltham,
MA, USA) device. The spectra were conducted in the range of 600–4000 cm−1 wavenumbers
and captured using a Perkin Elmer—Spectrum IR software to claim the typical fingerprint
region of lignocellulosic material.

2.4. Elemental Analysis and Higher Heating Value (HHV)

The elemental analysis of the bio-oil sample with the best conversion yield, solid
residue, was performed by a LECO TruSpec (MI, USA) CHN analyser to evaluate the
chemical composition respecting carbon, hydrogen, and nitrogen. At the same time, a
LECO CNS2000 determined the sulphur content. Two analyses were conducted for each
sample, and the average value is used when the difference between values is less than 2%.
If not, multiple runs are conducted until reaching two similar values. Regarding biomass
and its derivatives, it mainly contains only C, H, and O in its composition, up to 97–99%.
Elements such as sulfur and nitrogen are found in negligible amounts, most times below the
detection limit, being thus difficult to measure or quantify [30–32]. Therefore, the oxygen
content can be determined according to Equation (2):

O(%) = 100 − C(%)− H(%) (2)

In addition, the higher heating value of the bio-oil sample was determined by the
correlation of Mateus et al. [33], via Equation (3):

HHV (MJ/kg) = 0.363302C + 1.087033H − 0.100992O (3)

The energy densification ratio (EDR) values were calculated according to Equation (4)
and higher heating values of the biomass and bio-oil samples are calculated.

EDR = HHVbiooil ÷ HHVbiomass (4)

2.5. Thermogravimetric Analysis (TGA)

The thermogravimetric analysis (TGA) was performed, between 30 and 600 ◦C in an
N2 atmosphere with 200 mL/min flow and a heating rate of 5 ◦C/min for solid residues
and 3 ◦C/min for bio-oil samples, by using Hitachi-STA7200 (Tokyo, Japan) device.
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2.6. Scanning Electron Microscopy (SEM) Analysis

A Scanning Electron Microscopy (SEM) analysis was performed to observe morpho-
logical changes in pine wood before and after the liquefaction reaction. The microscope
used was a Phenom ProX G6 from ThermoFisher Scientific (Waltham, MA, USA) under a
low vacuum detector and at around 60 Pa as the pressure level.

2.7. Response Surface Methodology (RSM) and Statical Analysis

Response surface methodology (RSM) is an optimal design method for the regression
model, which is a rapid technique for the development, improvement, and optimisation
process based on data from experiments performed at multiple levels on a set of input
variables. It allows determination of the importance of each parameter and the meaningful
interactions between the parameters [34]. Compared to other experimental design meth-
ods, it optimises nonlinear systems, enabling more precise calculation of principal and
interaction effects through regression fitting. It is a specific set of statistical design combina-
tions and numerical optimisation techniques for designing experiments, evaluating effects
between independent variables and responses, and building models [35].

This article aims at a more systematic study, based on the RSM experiment, on the
effects and interactions of three experimental variables: reaction temperature (x1), reaction
time (x2) and catalyst concentration (x3). RSM based on Box–Behnken design (BBD) was
applied, and the response surface model was analysed. BBD for the optimisation of the
specific biomass was shown in Figure 3. Additional experiments were used to assess the
validity of the model. The response of the conversion (Y, %), which is a function of these
three parameters, Equation (5);

Y = f (x1, x2, x3) (5)

where Y is the response of the model and xn the independent variable, also known as
factors [36].

Figure 3. Box–Behnken design for the optimisation of burnt pine heartwood liquefaction.

The multiple linear regression (MLR) procedures fitted the experimental responses. A
second-order polynomial, shown as Equation (6), was used to obtain a model to describe
and predict the response to the factors variations;

γ = β0 +
3

∑
i=1

βixi +
3

∑
i=1

βiix2
i +

2

∑
i=1

3

∑
j=i+1

βijxixj + ε (6)

where Y is the predicted response, β0, βi, βii, and βij represent the regression coefficient for
intersection, linear, square, and interaction effects, respectively, ε is a random error, and xi
and xj are dimensionless coded estimators of independent factors.
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Evaluation of experimental data was carried out by using MODDE 12.1 Pro® soft-
ware. It includes an analysis of variance (ANOVA) to evaluate the interaction between
independent factors and responses.

In the obtained model proposed by the software, independent variables such as
reaction time, catalyst concentration and reaction temperature, were used, experimental
and predicted responses are shown in Table 1.

Table 1. Outline of experimental design with coded and un-coded independent variables with the
corresponding experimental and predicted responses.

Exp No. Catalyst Time Temperature

1 −1 (1%) −1 (30 min) 0 (140 ◦C)
2 1 (10%) −1 (30 min) 0 (140 ◦C)
3 −1 (1%) 1 (180 min) 0 (140 ◦C)
4 1 (10%) 1 (180 min) 0 (140 ◦C)
5 −1 (1%) 0 (105 min) −1 (120 ◦C)
6 1 (10%) 0 (105 min) −1 (120 ◦C)
7 −1 (1%) 0 (105 min) 1 (160 ◦C)
8 1 (10%) 0 (105 min) 1 (160 ◦C)
10 0 (5.5%) 1 (180 min) −1 (120 ◦C)
12 0 (5.5%) 1 (180 min) 1(160 ◦C)
13 0 (5.5%) 0 (105 min) 0 (140 ◦C)

3. Results and Discussion
3.1. Chemical Characterization of Biomass

The biomass was dried before the liquefaction process to determine the moisture value.
The moisture value of the feedstock was obtained as 9.2%. Furthermore, carbon, hydrogen,
and oxygen content were previously measured [29] and are shown in Table 2.

Table 2. Elemental analysis of the burnt pine heartwood (biomass) by Gonçalves, 2021 [29].

Sample
Elemental Analysis (%) HHV

(MJ/kg)S C H N O

Heartwood <0.5 46.9 5.8 <2.0 47.3 18.62

The results show that carbon, hydrogen, and oxygen vary between 46.90%, 5.80% and
47.30%. Additionally, the nitrogen and sulphur content were below the detection limit.
Therefore, these components can be omitted as described by other authors [13,15,31,37].
The HHV value of the used biomass feedstock was 18.62 MJ/kg.

3.2. Biomass Liquefaction

The main reason for this study was to evaluate and perform the modelling of burnt
pine heartwood specifically sourced from maritime pine wood after a forest fire in Leiria
National Forest in 2017.

The liquefaction process was performed on burnt pine heartwood samples under
different conditions to evaluate the influence of the wildfires on the yield of the process
and modelling the liquefaction of burnt pine heartwood. The reaction lasted 30 to 180 min,
under 120, 140, and 160 ◦C. The results are summarised in Table 3, and the best conversion
liquefaction achieved was 86.03% when the reaction occurred at 160 ◦C with a reaction
time of 180 min, and the worst liquefaction yield value was 44.14% at 140 ◦C, 30 min of
reaction time. In light of this information, burnt pine heartwood gave a good liquefaction
yield under specific conditions.
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Table 3. Liquefaction reactions of burnt pine heartwood.

Exp No. Cat. Concentration Mass Ratio (Biomass:Solvent) Temperature (◦C) Time (mins) Liquefaction Yield (%)

1 10% 1:5 140 180 80.63
2 5.5% 1:5 120 180 63.42
3 5.5% 1:5 120 30 59.44
4 5.5% 1:5 140 105 67.9
5 1% 1:5 140 30 44.14
6 1% 1:5 160 105 68.4
7 10% 1:5 140 30 63.84
8 10% 1:5 120 105 61.17
9 5.5% 1:5 140 105 70.62
10 5.5% 1:5 160 180 86.03
11 5.5% 1:5 140 105 68.5
12 1% 1:5 120 105 51.2
13 10% 1:5 160 105 85.1
14 1% 1:5 140 180 74.9
15 5.5% 1:5 160 30 83.98
16 5.5% 1:5 140 180 76.01

The results show that the conversion is similar to the previous studies, in which
pTSA was used as an acid catalyst [5,12–14,18,38]. On the other hand, pTSA has a lower
crystallinity than commercially used mineral acids. The low percentage of crystallinity
of residues when pTSA is used may result in better liquefaction of organic sulfonic acid
pTSA than sulphuric and hydrochloric acid, for instance [39]. Regarding the degradation
reaction that occurs, it is known that cellulose degradation starts with glycosidic oxygen
protonation, followed by carbonium ion formation and cleavage of the glycosidic bond.
After the glycosidic bond is broken, cellulose depolymerisation can occur at both the
reducing and non-reducing chain ends [40].

It is possible to assume that higher temperatures gave a better conversion yield than
in other trials. Experiments with a reaction temperature above 160 ◦C generally showed
a conversion efficiency of over 80%, regardless of the reaction time. After the maximum
conversion is achieved, a solid residue formation occurs, leading to an increase in the
insoluble solid fraction. These solids are generally ascribed to the tar type and humin
content and are associated with the recondensation reactions of degradation products,
leading to a reduction in liquid fraction yields. However, the remaining biomass continues
to liquefy for more extended reactions, increasing the yield [29].

Low biomass conversions were observed at lower temperatures, such as 120 ◦C and
140 ◦C. The decomposition activation energy of the components, hemicellulose, cellulose,
and lignin, of the feedstock is different, which is better understood when it is considered
that lignin has the highest value, followed by cellulose and hemicellulose. It is necessary to
consider the presence of crystalline cellulose, which can affect the process. The decomposi-
tion activation energy is higher for crystalline cellulose than its amorphous counterpart. At
low temperatures, the energy of the reaction is insufficient to break down the crystalline
structure of cellulose and the glycosidic bonds. Thus, this may remark that hemicellulose
and amorphous cellulose are the only species that hydrolyse at low temperatures [13].

In this study, the response surface method was applied to perform the optimisation. It
is also a good way to show the relationship between different experimental variables and
responses graphically. Using this procedure, it is possible to derive polynomial equations
that show the effect of variables on the system’s response, which, in this case, is the
liquefaction yield. MODDE 12.1 Pro® software was used to create an experimental matrix,
and the Box–Behnken design was chosen.

First, the effects of three variables (T, cat, time), the second-order effects, the inter-
actions between the two variables (T*cat), temperature and catalyst concentration were
evaluated. Figure 4 shows the coefficient plot of the model, as well as the correlation
coefficient. The influence of each variable is a measure of the effect of its variation on the
response. It can also be observed that the factor with the most significant influence on
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the conversion is temperature, while the catalyst concentration has a lower influence on
the yield.

Figure 4. Coefficients contribution to the model regarding the burnt pine heartwood liquefaction.

The obtained model offers a good correlation with the experimental data as R2 = 0.988.
This R2 value indicates that 98.8% of the observations can be explained by the independent
variables in the factor range, while the other 1.2% cannot be explained. The model shows a
remarkable ability to predict new correct responses with a probability of 98.8%. The Q2

value of 0.765, ideally >0.5, showed a high predictive power, allowing a confident estimation
of the effect of changing process parameters and process optimisation. The model also
showed a strong validity score, far exceeding the required value of 0.25. Similarly, the
obtained value of 0.988 for reproducibility, which significantly exceeded the required value
of 0.5, indicating good experimental control and low pure error [41].

For further model validation, a mismatch plot and ANOVA were used to compare
model error and pure error. The software claimed that no pure error is available for this
obtained model.

The regression model equation was based on correlation coefficients and their effect
on yield, as shown in Table 4. Values were determined from the effect plot (Figure 4). The
positive or negative effect on the yield is considered significant if the confidence interval
exceeds the origin, excluding insignificant effects from the model, giving the regression
model equation:

Y (%) = 68.2236 + 4.28336 X1 + 7.72345 X2 + 9.15773 X3 − 1.88954 X1X2 (7)

where Y1 corresponds to yield, X1 to the catalyst concentration, X2 to the reaction time, and
X3 to the temperature.

Table 4. Coefficient values of the obtained model.

Yield Coeff. SC Std. Err. p Value

Constant 68.2236 0.550148 1.85407 × 10−11

Catalyst 4.28336 0.595769 0.00036618
Time 7.72345 0.577 1.07628 × 10−5

Temperature 9.15773 0.577 3.96996 × 10−6

Cat*Time −1.88954 0.612618 0.0215422

The derived regression model equation describes a complex process with linear and/or
quadratic relationships for all parameters with liquefaction yield. The most important
factor that has a linear effect on yield is the temperature (X3), followed by the reaction time
(X2). As the concentration increases, there is a positive effect on the yield; but an increase
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in catalyst concentration and the reaction time leads to a decrease in the yield value. All
three factors had a significant relationship with the change in the liquefaction yield.

The performance of the model described by Equation (7) for both calibration and
validation sets is shown in Figure 5. This plot shows that the calibration model developed
for predicting burnt pine heartwood liquefaction has a great predictive ability, even for
experiments carried out at different temperatures and catalyst concentrations.

Figure 5. Predicted versus experimental liquefaction conversion for the obtained model.

The contour plot of the model is presented in Figure 6, showing that temperature is the
most important factor. However, the reaction time also acts in parallel with the conversion.
In fact, conversions above 80% can be achieved using a low catalyst concentration (1%) as
long as the temperature is applied at the highest level (160 ◦C) and the longest reaction
time (180 min). In addition, when using a reaction time of 180 min and temperatures below
160 ◦C, the liquefaction conversion is always less than 85%, even when using the highest
amount of catalyst (10%).
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These experiments also showed that pine heartwood affected by wildfires could
produce bio-oil without any impact on conversion rates, as other biomass liquefaction trials
yielded similar conversions [7,18,29]. Therefore, liquefaction may be an opportunity to
recover and reclaim part of the biomass value lost during wildfires.
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3.3. Higher Heating Value (HHV) of Bio-Oil and Solid Residue Samples

The elemental analysis of bio-oil and solid residue samples obtained from the reaction
that provided the highest liquefaction efficiency was performed, and estimated HHV values
were calculated. As predicted, the liquefaction process reduced the O/C ratios of bio-oil
products by ~0.24, compared with equivalent ratios in the biomass feedstock. Since bio-oil
value is similar to hydrocarbons and higher than coals, trends towards H/C ratios are not
so clear.

Accordingly, there was a significant improvement in the HHV of the bio-oil compared
to the biomass feedstock and listed in Table 5. The HHV of bio-oil was 36.41 MJ/kg, with
the highest value achieved, and the liquefaction process increased the HHV value of the
sample by about 95.54%. Accordingly, the energy gain of bio-oil is evident, considering the
energy concentration ratio of 1.53. This improvement is associated with oxygen (~64%) and
water loss during liquefaction, increasing the carbon and hydrogen mean mass fractions
by ~31% and ~48%, respectively. The thermochemical liquefaction described in this study
results in higher HHV values than bio-oils obtained by rapid pyrolysis and other pyrolysis
methods. The higher oxygen content explains this phenomenon in the rapid pyrolysis
process [42,43].

Table 5. Elemental analysis of the bio-oil and solid residue from the reaction with the best liquefac-
tion yield.

Sample
Elemental Analysis (%)

O/C 10H/C
HHV

(MJ/kg) EDR
S C H N O

Bio-oil <2 71.99 11.06 <0.5 16.99 0.24 1.53 36.41 1.96
Solid Residue <2 70.49 5.99 <0.5 23.52 0.33 0.85 29.75 1.60

3.4. Fourier Transformed Infrared (FTIR-ATR) Analysis of Biomass, Bio-Oil and Solid
Residue Samples

The FTIR-ATR spectra obtained from fresh biomass, solid and liquid samples as solid
residue, and bio-oil product are shown in Figures 7 and 8.

Figure 7. FTIR-ATR spectra of (a) bio-oil from the sample with the best conversion, (b) bio-oil from
the sample with the worst conversion, (c) fresh biomass.
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conversion and (c) solid residue from the sample with the best conversion.

The characteristic bands corresponding to the related peaks are shown in Table 6.
According to the FTIR results, the bands in the range between 3600 and 3200 cm−1 are
referred to as O-H stretching bonds that can result from the presence of water or hydroxyl
groups. The range in the region between 3000 and 2800 cm−1 corresponds to the C-H
stretching and the presence of the solvent, 2-EHEX. The signal is located in the range of
1730–1700 cm−1, corresponding to the C=O carbonyl groups, and significates unconjugated
ketone, ester, or carboxylic groups on aliphatic chains in liquefied biomass, which is related
to the conversion of hemicellulose. Moreover, the C-O-H single bond, which is in the area
between 1440 and 1395 cm−1, may show aromatic carbohydrate derivates. The information
also confirms the presence of the hydroxyl group by the peaks that are observed for bio-oil
samples, with wavenumbers of 1036–1035 cm−1 and 1118–1117 cm−1. Furthermore, the
peaks due to the C-O stretching of cellulose, between 1200 and 1000 cm−1, show that the
hydroxyl groups are removed from the solid fraction and transferred into the liquefied
biomass. The bands between 950 and 850 cm−1, expressing the C-H stretch decrease in
solid residues compared to fresh biomass. However, liquefied biomass shows these bands
as being as intense as fresh biomass, indicating that these bonds are transferred to the
liquid fraction.

Table 6. Main adsorption on FTIR spectra.

Wavenumber (cm−1) Bands Origin Reference

3600–3200 O-H stretching Hydroxyl groups Bui et al., 2015 [44]
3000–2800 CH2−, CH3− stretching Aliphatic bonds Liu et al., 2016 [45]
1730–1700 C=O stretching Free ester Liu et al., 2016 [45]
1440–1395 OCH3–, –CH2–, C−H stretching Carbohydrates Popescu et al., 2007 [46]
1200–1000 O-H bending Hydroxyl groups Mateus et al., 2015 [11]
1036–1027 C-O, C-O-C stretching Cellulose, hemicellulose, lignin Xu et al., 2013 [47]

3.5. Scanning Electron Microscopy (SEM) Analysis of Biomass and Solid Residue Samples

Obtained SEM images are given in Figure 9. Differences are observed between the
fresh biomass and solid residue samples after the experiment at 160 ◦C. The distinctive
changes occurred after the liquefaction process, especially in the sample of the reaction
with the best conversion yield.
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Figure 9. SEM micrograph of (a) the fresh biomass (1500×) and (b) solid residue with the worst
liquefaction conversion (1500×), and (c) solid residue with the best liquefaction conversion (1500×).

Regarding SEM analysis to determine morphological changes in the biomass, the
biomass consists of a pile of irregularly shaped and porous fibres before the liquefaction
process. After the liquefaction process, the biomass structure was destroyed and changed
completely, but still, some holes were observed due to the value of the liquefaction yield.
When we compared the solid residue samples after the liquefaction process, the sample
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from the reaction with the best conversion yield became relatively fluffy, and the fibres were
exposed and separated from the original associated structure. However, the solid residue
sample obtained from the reaction with the worst conversion efficiency was not completely
changed, and fewer pores were observed on its surface compared to the fresh biomass.

3.6. Thermogravimetric Analysis (TGA) of Biomass, Bio-Oil, and Solid Residue Samples

TG curves are shown in Figures 10 and 11 to display the weight loss of biomass, solid
residue, and bio-oil samples from the reaction with the best liquefaction yield with the
temperature rise, and the specific mass loss of the liquid and solid samples to the related
TG temperature ranges are listed in Table 7.

Figure 10. TGA (solid lines) and DTG (dashed lines) curves for biomass and solid residue sample
with the best conversion.

Figure 11. TGA (solid lines) and DTG (dashed lines) curves for biomass and dried bio-oil sample
with the best conversion.

For the biomass and solid residue samples, the first phase starts at 30 ◦C and ends
at 220 ◦C. The mass loss at this stage is due to the removal of moisture and very volatile
components. The second stage starts at 220 ◦C and ends at 360 ◦C, with a 53% mass loss
for the biomass. This stage mostly indicates active pyrolysis due to the degradation of
hemicellulose and cellulose. The third stage starts at 360 ◦C and ends at 590 ◦C, with a 24%
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mass loss. This step significates the active pyrolysis step, which is due to the degradation
of cellulose. The thermal degradation behaviours of hemicellulose, cellulose, and lignin
have been stated that the decomposition temperature ranges are 210–325, 310–400 and
160–900 ◦C, respectively [48]. Although the above steps of active pyrolysis are mainly
seen as a degradation of both hemicelluloses and cellulose, lignin is also degraded in this
temperature range. At temperatures of 590 ◦C and above, the mass loss is very low due to
slow degradation to produce charcoal as a residue. This step may be due to the degradation
of lignin, called passive pyrolysis [49].

Table 7. TG temperatures and mass loss of the liquid and solid samples.

1st STAGE 2nd STAGE 3rd STAGE

SAMPLE Temp. Range (◦C) Mass Loss (%) Temp. Range (◦C) Mass Loss (%) Temp. Range (◦C) Mass Loss (%)

Bio-oil 150–220 15.7 220–360 46.5 360–590 10.1
Biomass 30–220 3.7 220–360 53 360–590 24

Solid Residue 30–220 6 220–360 58 360–590 14.3

Bio-oil samples consistently lost most of their mass at lower temperatures, which
began to lose mass at 150 ◦C, slowing systematically at 360 ◦C. At temperatures below
150 ◦C, slight degradation has been observed, possibly due to the solvent still present in the
bio-oil sample. The initial thermal temperature of thermal degradation was ~150 ◦C and
corresponds to lighter derivatives. The second stage, between 220 and 360 ◦C, showed an
average mass loss of ~46.5%, likely corresponding to the heavier components of the bio-oil.

The third step, between 360 and 590 ◦C, is attributed to the formation of non-degradable
ash and carbon from the slow degradation of the sample. The DTG curves show that the
bio-oil reduces its weight at an early stage and confirms the presence of lighter products
such as aldehydes, alcohols, and carboxylic acids than its biomass counterparts [50]. The
volatile and small organic molecules can degrade in this stage; however, non-volatile macro-
molecular substances decompose between 375 and 550 ◦C due to thermal degradation of
the bio-oil as a result of the pyrolysis phenomena [51].

4. Conclusions

Thermochemical liquefaction of burnt pine heartwood has been successfully carried
out and optimised. The bio-oil was recovered at 86.03% after 180 min at 160 ◦C in the
presence of 5.5% pTSA. A model was developed to modulate and predict the process with
Modde 12.1 Pro®. A reaction surface methodology (Box–Behnken design) was performed
for the liquefaction reaction optimisation; reaction temperature, reaction time and catalyst
concentration were chosen as independent variables. The model suggested that the highest
bio-oil conversion (>85%) of burnt pine heartwood can be achieved at 160 ◦C, with a
moderate catalyst concentration of 5.5%, and for treatments lasting 180 min. The bio-oil
was characterised by FTIR-ATR, which proved the presence of biomass derivatives in the
bio-oil. Elemental analysis revealed that after liquefaction, the carbon content increased
significantly. The changes in chemical composition greatly affected the higher heating
value. The HHV of bio-oil was estimated at 36.41 MJ/kg, which is 1.96 times higher than
that of fresh biomass.

In general, biomass from forest fires can be used in the liquefaction process without
losing its efficiency and performance. This study shows that through liquefaction, we can
reduce the negative impact of forest fires by recovering some of the lost value of burnt
wood and converting burnt wood into biofuels.
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