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Abstract: Eucalyptus globulus sawdust is a residue from the pulp and paper industry which has been
underutilised and undervalued. The thermochemical liquefaction of sawdust can be considered an
alternative for recycling this residue, as it results in the production of a bio-oil that, when extracted
in water, allows the obtention of an aqueous solution composed of carbohydrates. The sugars
resulting from the aqueous fraction of bio-oil can be valued by and applied in the industry to produce
sustainable materials. For the first time, the sugar composition of the aqueous extract of bio-oil
was disclosed, identified, and quantified by a high-pressure liquid chromatograph (HPLC) coupled
to a refractive index (RID) detector containing fructose (36.58%) and glucose (33.33%) as the main
components, sucrose (15.14%), trehalose (4.82%) and xylose (10.13%). The presence of these sugars
was further confirmed by two-dimensional (2D) 1H-13C heteronuclear single-quantum correlation—
check for nuclear magnetic resonance (HSQC-NMR) spectroscopy. Fourier-transform infrared (FTIR-ATR)
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Hydrolytic Sugars from Eucalyptus
globulus Bio-Oil Aqueous Solution

after Thermochemical Liquefaction. 1. Introduction
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negotiations are currently underway in the European Union to increase it from 40% to 45%
by 2030. Global demand for coal as an energy source is also expected to stabilise by 2035
due to environmental policies of carbon sequestration and the mitigation of atmospheric
emissions of greenhouse gases [1]. In this context, biomass can be seen as an option to
contribute to sharing renewable resources for bioenergy and the production of biomaterials,

® providing benefits for society and industry.
Lignocellulosic biomass from wood residues has gained considerable interest in the
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many eucalyptus residues can be converted into fuels and carbon sources through chemical
processes such as thermochemical liquefaction [5].

Thermochemical liquefaction for bio-oil production is a promising technique to val-
orise biomass [6]. During thermochemical liquefaction, the lignocellulosic structure is
broken into smaller molecules that can be used in other applications [7]. The acid catalyst
can act in thermochemical liquefaction as a proton donor that helps hydrolyse glycosidic
bonds, which make up the structures of cellulose and hemicellulose [4]. The so-formed
monosaccharides and disaccharides can then be extracted from the aqueous fractions of the
bio-oil [8]. These sugars may be used to produce biodegradable materials used in several
downstream industries as substitutes for the currently employed unsustainable materials;
for example, plastics [9]. Previous studies have qualitatively demonstrated that bio-oils
resulting from liquefaction have high contents of sugar and its derivatives [10].

The first Eucalyptus globulus thermochemical liquefaction studies were conducted on
bark affording bio-oil in a ca. 92% yield [1]. Later, Fernandes et al. optimized Eucalyptus
globulus sawdust thermochemical liquefaction [4]. Reaction conditions were evaluated and
optimised, aiming at an increase in conversion rates, with 96.2% being the highest reported
conversion rate. The liquefaction time resulting in a high conversion rate was 180 min,
using p-toluenesulfonic acid (>2.44%) as a catalyst. The temperature that favoured the
highest yield of bio-oil was 160 °C. In this context, the evaluation of bio-oil sugar content
after aqueous extraction, as well as the elucidation of the mechanisms that lead to sugar
formation from the lignocellulosic biomass liquefaction process, is of great importance and
constitutes a scientific innovation.

Rodrigues et al. studied FTIR spectroscopy to determine the composition of monosac-
charides in Eucalyptus globulus biomass. In this study, the chemical composition of sugars
was analysed using dry wood free from extraction, determining the composition of glucose
to be from 43.2% to 59.5%, of xylose to be from 9.4% to 17.8%, of galactose to be from
0.5% to 5.4%, of mannose to be from 0% to 2.8%, and of rhamnose to be from 0.3% to
0.8% [11]. Salazar et al. studied the construction patterns of the cell walls of eucalyptus
species, including Eucalyptus globulus, using extraction methods with ammonium oxalate,
sodium carbonate, potassium hydroxide, and sodium chlorite for this purpose. The sugars
fructose, arabinose, galactose, rhamnose, glucose, xylose and mannose were identified in
the cell wall by analysing the glycome profile [12].

In this sense, the results of the present study depend on the chemical composition of the
original raw material of sugars, as in this study, aqueous extracts from the thermochemical
liquefaction of eucalyptus globulus sawdust were used. In addition, wood is an extremely
complex material that can contain a wide variety of sugars in its composition, which may
result from the depolymerisation of cellulose and hemicellulose.

Glucose is the only hydrolytic product of cellulose, but it can suffer isomerisation
to afford other sugars. Conversely, the depolymerisation of hemicellulose leads to the
formation of glucose and other hexoses (mannose, galactose, and rhamnose) or pentoses
(xylose and arabinose). Kunaver et al. carried out the qualitative identification of sugar
trimethylsilyl ethers (TMS) by GC-MS in Eucalyptus globulus wood chips provided by the
Agronelli company, namely of glucose, xylose, and galactose TMS ethers, totalling about
10% of total sugars. However, these sugars have not yet been quantified [13]. Mateus
et al. also qualitatively identified the presence of maltose in the aqueous extract of bio-oils
obtained from the liquefaction of potato peel [7].

Most studies quantifying the carbohydrates in lignocellulosic biomass are carried out
using hydrolytic procedures [14]. Alves et al. studied the determination of carbohydrates in
biomass samples of Eucalyptus grandis, bagasse and bamboo through hydrolysis, followed
by HPLC analysis and procedures of methanolysis [15]. The relevance of these studies
encourages further investigation to overcome the lack of information regarding the identifi-
cation and quantification of extracted sugars from the thermochemical liquefaction of an
aqueous fraction and, therefore, to emphasise the need for and value of this present study.
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The main drawback of gas chromatography include its delayed derivatisation pro-
cesses [16]. Trimethylsilyl ethers (TMS), generally used in derivatisation, have limitations
since they are unstable, challenging to prepare and lead to multiple peaks [17]. Other
methodologies are used to determine sugar composition, namely electrophoresis with a
UV detector, which is another commonly used analytical technique. Still, the UV detector
is unreliable and very limited due to the absence of a chromophore in sugars [18].

High-performance liquid chromatography (HPLC) is an alternative and fruitful an-
alytical method for determining sugars in aqueous fractions due to its simplicity, ease of
sample preparation and accuracy. The refractive index (RID) detector has high sensitivity
and is suitable for identifying a large group of sugars [19]. However, the analytical method
for determining sugars becomes challenging due to the lack of chromophores and the high
polarity of their structure. The development of a robust and reliable method to determine
sugars derived from eucalyptus sawdust must be addressed.

The present study aims to quantify the sugars present in the aqueous extract of
liquefied Eucalyptus globulus. A reliable, fast, economical, and accurate analytical method
using the HPLC-RID technique to identify and quantify sugars in the aqueous fraction is
used for that purpose. As far as is known, the quantification of sugars obtained by the
thermochemical liquefaction of biomass has never been disclosed.

2. Materials and Methods
2.1. Chemicals, Reagents, and Standards

All used chemicals, reagents and standards are of analytical grade. Standards (D-
xylose, D-fructose, D-glucose, D-sucrose, D-trehalose) with a minimum purity of 99%
were purchased from Alfa Aesar (Alfa Aesar, Thermo Fisher Scientific, Ward Hill, MA,
USA). Solvents (acetonitrile and water) were HPLC grade with purities of > 99.9% and
purchased from Sigma Aldrich (Sigma-Aldrich Corporation, St. Louis, MO, USA). All
aqueous solutions used as standards and the analysed samples” aqueous fractions were
filtered using hydrophobic polytetrafluoroethylene (PTFE) membrane filters of a porosity
of 0.45 pm and a diameter of 25 mm (Branchia, Labbox Labware S.L. Premia de Dalt,
BCN, ES).

2.2. Hydrolytic Sugars Sample Preparation

The bio-oil was produced from Eucalyptus globulus sawdust by thermochemical lique-
faction at 160 °C in a lab-scale reactor following the procedure described and optimised
by Fernandes et al. [4], according to the flowchart depicted in Figure 1. The biomass-to-
solvent ratio of 1:2.5 was used, and 3% of p-toluenesulfonic acid (w/w) was used as a
catalyst. Typically, the biomass and the solvent, 2-ethylhexanol, along with the catalyst,
are placed in a glass reactor at a set temperature. After 90 min, the reactor cools down,
and the reactional mixture is filtered off. The afforded bio-oil, still with the excess solvent,
is concentrated. The excess solvent is removed under a vacuum to afford a dark bio-oil.
The biomass conversion, based on the filtration cake obtained upon the filtration of the
reactional mixture, was 96%. For this biomass conversion process, the gaseous products
were neglectable. Thus, the mass balance considered the amount of biomass and the mass
of the solid residue after liquefaction. Before further treatment, the bio-oil sample was
stored in sealed containers in the freezer at —10 °C. A bio-oil sample (100 g) was extracted
with distilled water (4 x 50 mL). The aqueous phases were combined to afford the aqueous
extract. Afterwards, an aliquot was retrieved for further HPLC analysis. Furthermore,
another aliquot was freeze-dried for NMR, FTIR and elemental analysis experiments. The
remaining aqueous extract was stored in the freezer at —10 °C for further investigations.

2.3. Elemental Analysis

The elemental analysis (for determining the contents of carbon, hydrogen and nitrogen,
on a dry ash-free basis) of the aqueous extract was performed by a LECO TruSpec CHN
analyser (LECO Corporation, St. Joseph, MI, USA), whilst a LECO CNS2000 analyser
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was used to determine the content of sulphur. The oxygen content was assessed by
the difference.
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Figure 1. Flowchart followed in characterisation of aqueous extract.

2.4. HPLC Experiments
2.4.1. Preparation of Standard Solutions for Measuring Peak Detection Levels

Stock solutions were prepared with different standard sugars at concentrations of
1g/L,5¢g/L,10g/L,15g/L, 20 g/L and 25 g/L to test the standards’ detection limits
and the retention time (Rt) of each sugar. From the stock solutions, mixed solutions were
prepared to test the separation efficiency of the method.

2.4.2. Preparation of Samples of Aqueous Fractions

Samples from the aqueous fraction (1 mL) were placed in falcon tubes containing
10 mL of HPLC grade water, then dissolved by shaking the tubes for 5 min. The samples
were filtered using 47 mm syringe filters of a 0.45 pm porosity with a PTFE membrane.

2.4.3. Optimisation of Chromatographic Separation

Several injections were performed with a mixed standard solution at the same concen-
tration at different flow rates from 0.2 to 1.0 mL/min to optimise the mobile phase’s flow
rate, noting which rates provided the best conditions as the best separation of peaks, the
highest sensitivity, and the shortest analysis time.

2.4.4. Column Temperature

To optimise the column temperature, injections were performed with the same stan-
dard solutions at different temperatures from 28 to 40 °C.

2.4.5. HPLC Analysis

Monosaccharides and disaccharides were identified using a Waters 2695 HPLC system
(Waters Corporation, Milford, MA, USA) coupled to a Jasco RI-4030 detector (JASCO
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Corporation, Hachioji-shi, TYO, Japan). Chromatographic separation was performed using
an Interchim PuriSflash 100-5 NH, column (4.6 x 250 mm) (Interchim SA, Montlucon,
France) operating at 28 °C. Software Clarity 2.4 (DataApex, Praha, Czech Republic) was
used for data analysis. The mobile phase used was HPLC grade acetonitrile/water, 7:3
(v/v), at a flow rate of 0.6 mL/min, the sample injection volume being 10 uL.

2.5. NMR

Sample sugars and sugar standard fractions were also analysed by two-dimensional
(2D) 'H-13C heteronuclear single-quantum correlation-nuclear magnetic resonance (HSQC-
NMR) spectroscopy via a Bruker Avance 400 MHz NMR spectrometer (Bruker Corporation,
Billerica, MA, USA). The frequencies of 'H and 13C for the Bruker AV400 NMR spectrometer
are 400.13 MHz and 100.62 MHz, respectively. In each analysis, the aqueous extract
sample (100 mg) was dissolved in dimethyl sulfoxide-d® (560 pL), which acts as a solvent
for chemical shift calibration. The HSQC-NMR spectrometric data (1024 points for 'H
or 256 points for *C) (TopSpin Software version 4.2.0, from Bruker Corporation) were
recorded at a 90° pulse angle, a 1.5 s relaxation delay time, and a 0.08 s acquisition time for
a total of 48 scans.

2.6. Fourier Transformed Infrared (FTIR-ATR)

The FTIR-ATR analysis was performed on a Spectrum Two Perkin Elmer spectrometer.
The spectra were captured from 4000 to 600 cm~! and analysed in the Perkin Elmer
Spectrum IR software version 10.7.2.

3. Results

The work disclosed herein focuses on characterising the aqueous extract of bio-oil ob-
tained from eucalyptus liquefaction. After liquefaction and consecutive aqueous extraction,
the hydrophilic extract was analysed by HPLC and further characterised by FTIR-ATR,
NMR, TGA and elemental analyses.

The chemical characterization of the original raw material (sawdust) was carried out
through the elemental composition, which was assessed to infer the carbon, hydrogen, and
oxygen content; see Table 1. Biomass and its derivatives are mainly composed of C, H, and
O (about 97%-99%). Sulphur and nitrogen contents were below the detection limit; thus,
their content was neglected [20].

Table 1. Elemental analysis of the aqueous extract from eucalyptus globulus bio-oil.

Elemental Composition (%)

Samples C H (0]
Aqueous extract 43.01 9.20 47.79
Bio-oil [12] 69.53 10.14 17.82
Eucalyptus globulus [12] 48.72 5.99 44.67

The higher oxygen content in Eucalyptus globulus sawdust corroborates the presence
of oxidised entities, e.g., carbohydrates, suggesting that the aqueous extract is enriched
with those compounds, presenting an oxygen content of 47.79%, whereas the bio-oil only
showed a content of 17.82%. On the other hand, the carbon and hydrogen content was
lower in the aqueous extract, being 43.01% and 9.20%, respectively. The elemental analysis
substantiated that aqueous extraction efficiently withdrew the sugars from the bio-oil. In
addition, since elemental analysis has high precision in the results, it is possible to carry out
an adequate comparison between the contents of oxygen, hydrogen and carbon between
the sawdust and the aqueous extract.
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3.1. HPLC-RID Determination of Sugars in Aqueous Fractions of the Thermochemical Liquefaction
of Eucalyptus globulus

This study presents the development and validation of an HPLC-RID method to
identify and quantify monosaccharides (fructose, glucose, and xylose) and disaccharides
(sucrose and trehalose) present in aqueous fractions from the thermochemical liquefaction of
Eucalyptus globulus sawdust. The column temperature between 28 °C and 40 °C was tested,
and the results showed that the peak resolution increased with decreasing temperature.
Therefore, Interchim Puriflash column analyses took place at 28 °C. Variations in flow rates
between 0.2 and 1 mL/min were studied, upon which it was observed that with an increase
in the flow rate of 1 mL/min, there was a decrease in peak resolution, and the best-observed
flow rate was 0.2 mL/min. Variations in the proportions of acetonitrile/water solvents used
in the mobile phase were studied; the increase in acetonitrile promoted a decrease in the
peak resolution and area, with the proportion of acetonitrile/water (ACN/H,O) being ideal
at 7:3 (v/v). The optimised temperature, flow rate and solvent ratio of acetonitrile/water
conditions were used in all experiments with the studied aqueous fractions and sugar
standards. The temperature of the RID detector during the analyses was 28 °C. The
runs for analysing the aqueous fractions took 40 min, and the analysis of standards took
20 min each.

Figure 2 shows the chromatogram for the characterisation of the diluted aqueous
fraction obtained by thermochemical liquefaction, in which the sugars are identified in
the sample and their retention times are observed: fructose (11.1 min); glucose (12.0 min),
sucrose (14.5 min), trehalose (16.9 min), and xylose (9.0 min).

5.2 eluent

11.1 fructose
12.0 glucose

14.5 sucrose

9.0 xylose

16.9 trehalose

10 15 20 25 30 35 40
Time [min]

Figure 2. HPLC chromatogram of aqueous extract sugars, with ACN/H,O as the mobile phase at a
flow rate of 0.6 mL/min and column temperature of 28 °C.

In the aqueous fraction obtained by the thermochemical liquefaction of Eucalyptus
globulus sawdust, sugars of molar concentrations between 1.26 and 9.57 mg/mL were
identified by HPLC in the diluted sample (Table 2), with fructose and glucose concentra-
tions being the highest ones. Therefore, the presence of fructose (9.57 mg/mL), glucose
(8.72 mg/mL), sucrose (3.96 mg/mL), trehalose (1.26 mg/mL), and xylose (2.65 mg/mL) in
the fraction studied was observed. Since the 1 mL sample was diluted to 11 mL, the actual
sugar concentrations in the aqueous extract samples were of fructose (105.27 mg/mL),
glucose (95.92 mg/mL), sucrose (43.56 mg/mL), trehalose (13.86 mg/mL) and xylose
(29.15 mg/mL), with a total value of 287.76 mg/mL of sugars.
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Table 2. Concentrations of hydrolytic sugars found in aqueous fractions obtained by the thermo-
chemical liquefaction of Eucalyptus globulus, characterised by HPLC-RID.

Compound HPLC Concentration Aqueous Extract
(mg/mL) Concentration (mg/mL)
Fructose 9.57 105.27
Glucose 8.72 95.92
Sucrose 3.96 43.56
Trehalose 1.26 13.86
Xylose 2.65 29.15

In the aqueous fraction, the identified sugars may have resulted from the depoly-
merisation of cellulose and hemicellulose [21]. Regarding the sugar content of eucalyptus
globulus, the most abundant macromolecular component is cellulose, present in concentra-
tions of up to 50%, composed of glucose units. Afterwards, the most significant component,
after cellulose, is hemicellulose, present in concentrations varying from 24%-27%, in which
the most abundant sugar entities are xylans (16%—-20%) and glucans (4%—6%) [22]. Con-
sidering this sugar content, glucose and xylose and their derivatives are expected to be
the most abundant sugars obtained upon liquefaction. In fact, glucose and xylose were
detected. Trehalose, a disaccharide of glucose, was also found, along with fructose and
sucrose. These last three sugars, in fact, are not expected to be found within the cell wall
of eucalyptus globulus; therefore, they must have resulted from chemical reactions that
may occur during the liquefaction process. Figure 3 displays the general pathway that
leads to the formation of the sugar units present in the aqueous extract sample. In general,
the acidic hydrolysis of cellulose leads mainly to the formation of glucose and reduced
numbers of fructose units, the latter resulting from the isomerization of glucose under
certain conditions [23]. The presence of fructose and glucose in an acid medium can trigger
dehydration reactions leading to the formation of glycosidic bonds between these two
monomers, resulting in the loss of water molecules and the formation of sucrose [24]. On
the other hand, the depolymerisation of hemicellulose can lead to the formation of xylose
and glucose [25], the latter suffering further dimerisation reactions to afford trehalose [26].
The presence of trehalose and sucrose demonstrates that the chemical reactions occurring
during the liquefaction process are not limited to the hydrolysis of the lignocellulosic
structures. Additionally, parallel reactions occur within the hydrolysed compounds. In
addition to the identified sugars, other sugars such as arabinose and mannose may also be
present in Eucalyptus globulus [27], but these sugars most likely do not appear as they may
not have been hydrolysed. In addition, since the hydrolysis of hemicellulose can promote
the formation of mannose and arabinose [28], an incomplete hydrolysis process may not
lead to the formation of said sugars.

3.1.1. Method Validation

A calibration methodology using an external standard was developed to identify and
quantify the analysed sugars (fructose, glucose, sucrose, trehalose, and xylose). Sugars
were quantified by comparing peak areas according to the calibration curve. Five standard
solutions with concentrations ranging from 1 to 25 g/L were evaluated. For each sugar
standard, 10 repetitions were performed, with a standard deviation of <4%.

3.1.2. Linearity

The linearity evaluation was performed by linear regression between the peak areas
and the concentrations of standard sugars (1; 5; 10; 15; 20; 25 mg/mL). The equations for
the linear regression curves are given in Table 3, where y corresponds to the peak area, and
x refers to the concentration (mg/mL) of the corresponding standard. This method presents
good linearity between 1 to 25 mg/mL, with coefficients of determination above 0.9861, and
the aforementioned coefficient values are mentioned in method validation protocols [29].
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Figure 3. Scheme of monosaccharide and disaccharide formation from holocellulose.

Table 3. Calibration data used for HPLC-RID quantification of sugars from thermochemical liquefac-
tion of Eucalyptus globulus.

Standard Curve ? (Linearity

Compound from 1 to 25 mg/mL) R2 LOD P (mg/mL) LOQ ¢ (mg/mL)
Fructose y =25.331x — 55.865 0.9972 3.22 9.76
Glucose y =24.877x — 78.006 0.9954 4.17 12.63
Sucrose y = 248.64x — 8.555 0.9861 7.22 21.89
Trehalose y =206.17x — 16.704 0.9927 5.24 15.88
Xylose y =191.38x — 106.23 0.9894 6.33 19.19

2 x: concentration (mg/mL); y: peak area; b LOD: limit of detection; ¢ LOQ: limit of quantification

3.1.3. Detection Limit and Quantification Limit

The limit of detection (LOD) and the limit of quantification (LOQ) were determined
using the parameters of the calibration curve, with LOD and LOQ being calculated as
3.3 and 10 times the value of the intercept standard deviation divided by the slope, respec-
tively [30]. The quantification and detection limits indicate the system’s sensitivity. Within
our study, the LOD ranged from 3.22 to 7.22 mg/mL, while the LOQ ranged from 9.76 to
21.89 mg/mL. These values are similar to those of other authors [31,32].

3.1.4. Statistical Analysis

The results of the analyses were expressed as the linearity across the calibration curve,
the limit of detection (LOD) and the limit of quantification (LOQ). For data analysis, the
Microsoft Office 365 Excel program (Microsoft Corporation, Redmond, WA, USA) was used.

3.2. NMR Studies

NMR techniques were used to identify other chemical structures alongside the car-
bohydrates. The bidimensional spectra in Figure 4 provided compelling evidence of the
presence of sugars in the water-soluble fraction of bio-oil, corroborating the HPLC results.
The difficulty in assessing the sugar structures present in the aqueous extract by NMR
is mainly because those sugars’ moieties appear to be bonded to alkyl or alkylphenolic
derivatives from lignin depolymerisation. The HSQC spectra of the aqueous fraction in
dimethylsulfoxide-d® were obtained to understand the chemical profile of the components
of the water-soluble bio-oil extract. Additionally, a HSQC spectrum of a mixture containing
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the sugars identified by HPLC of the bio-0il’s aqueous fraction (xylose, fructose, glucose,
sucrose, and trehalose) was also obtained for further comparison. This approach for com-
paring sugars from biomass depolymerisation and standards by HSQC was disclosed by
Yu et al. in a study regarding the identification of pyrolytic sugars [33].
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Figure 4. Superimposed HSQC spectra of hydrolytic sugars (blue) and the mixture standards (red).

The presence of sugar derivatives, identified by HPLC, became evident by superimpos-
ing both spectra. The amount of sugar derivatives in the aqueous extract was considerably
higher than that of the other identified compounds. This is in accordance with what was
expected since most hydrolytic sugars are water-soluble, while the compounds from lignin
decomposition tend to be hydrophobic. In addition, some phenolic and aliphatic derivatives
were also observed. Signals in the HSQC spectra in the region 120-130 ppm/7.0-7.5 ppm,
which is typical of aromatic moieties, are also found. These signals can be assigned to C-H
aromatic bonds resulting from the presence of structures from lignin depolymerisation, e.g.,
guaiacyl moieties [33]. Those structures may appear as products of the reaction of carbohy-
drates with phenolic moieties, affording glycosides. Figure 5a resumes the presumed routes
of the formation of several glycosides. The reaction of those structures with carbohydrates
may occur between a phenolic hydroxy group or a hydroxy group on the alkyl chain, with
the anomeric carbon of the carbohydrate to form an acetal. Ethers are also formed by the
reaction of the lignin derivatives with non-anomeric carbohydrate positions. Moreover,
C-glycosides can be formed by a reaction of the anomeric carbon with a phenolic hydroxy
in an acidic medium through a Fries-type reaction or rearrangement, which involves the
formation of an O-glycoside, which undergoes intramolecular rearrangement to afford a
C-glycosylated compound [34]. This type of structure has more of an affinity to the aqueous
phase due to the hydrophilic profile of the sugar moiety [35].
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Figure 5. Mechanism of glycoside formation from alkylphenolic moieties (above), and glycoside
formation from 2-ethylhexanol (below).

On the other hand, the aliphatic derivatives that appear at the lower 'H and '3C
chemical shift region in the HSQC spectrum (10-20 ppm/0.5-2 ppm) may result from the
reaction of the solvent, 2-ethylhexanol, with the sugar moieties, resulting in the formation
of alkyl glycosides. This reaction occurs either with the OH groups on the anomeric carbon
or the primary and secondary ones (Figure 5b). The evidence of the formation of glycosides
from the solvent and sugar moieties has already been stressed by the work of Mateus et al.
regarding bio-oils from sweet potato skin [36].

3.3. FTIR Analysis

The characterisation via ATR-FTIR of the aqueous extract of the bio-oil obtained from
Eucalyptus globulus liquefaction can be found in Figure 6. This experiment was carried out
to confirm the chemical profile of the extract. The presence of residual water is confirmed
by the bands being located at 3338 and at 1650 cm ™!, which corresponds to the in-plane
bending of water [37]. In the NMR experiment, aromatic derivatives were found. The
signals corresponding to these moieties are also found in the FTIR-ATR spectra. The spectra
reveal a band at 1035 cm ! assigned to the aromatic C-H in-plane deformation of guaiacyl
derivatives [38]. The presence of other characteristic bands of aromatic rings, usually found
at 1460 cm ! [39] and a peak related to syringyl rings at 1379 cm ! corroborates the presence
of lignin derivatives [40]. In contrast, the spectra of the aqueous extract also exhibits the
characteristic carbohydrate fingerprint region (683-1220 cm~!) [6]. The bands at 682 cm !
and 1049 cm~! are assigned to C-H bend and C-O-C stretch signals, respectively [41]. On
the other hand, the CH2OH side chain of hexoses, associated with the C-O-H bending
mode, is detected at 1214 cm ™! [6]. Another signal at 1124 cm !, characteristic of the
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pyranosidic ring structure, often assigned to the stretching vibrations of C-O-C bonds, is
also detected [42]. Moreover, the vibrational states of 1—4 glycosidic linkages found in
holocellulose derivatives peak at 918 cm~! [43]. Likewise, an anti-symmetric out-of-phase
ring stretch is found at 896 cm !, resulting from a C-H equatorial deformation vibration
band, characteristic of «- and -pyranoses spectra [44] A signal related to carbohydrate
stretching is found at 820 cm~! [40]. Lastly, the alkyl chains in the NMR spectra peak
appear at 2870-2920 cm~! and are usually assigned to CH,- and CHj-stretching [40].
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Figure 6. FTIR-ATR spectra of aqueous extract of bio-oil of Eucalyptus globulus.

4. Conclusions

The sugar content of the aqueous extract of the bio-o0il produced by the thermochemical
liquefaction of Eucalyptus globulus sawdust was identified and quantified for the first time
using the HPLC chromatographic methodology. The elemental analysis of the original raw
material (sawdust), the bio-oil and the aqueous extract was used to prove the efficiency of
the aqueous extraction procedure that removed the sugars from the bio-oil. HSQC-NMR
and FTIR-ATR analyses were also used to corroborate the presence of carbohydrates in
aqueous extracts. The sugars identified were fructose (36.58%) and glucose (33.33%) as the
main components, sucrose (15.14%), trehalose (4.82%) and xylose (10.13%). This study’s
main advantage is providing the sugar content for further use. These sugars can later be
used for other processes, such as chemical building blocks, substrates for fermentation
processes, or the production of sustainable polymers. Moreover, this study suggested the
chemical mechanism of the formation of the identified sugars. Further studies should
include the study of sugar extracts of bio-oils obtained with different reaction periods. The
performance of NMR on the raw biomass can also give an insight into the sugar structures
present in the raw biomass and should be carried out.
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