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Abstract: We can prevent climate change by reducing greenhouse gas (GHG) emissions caused by fossil
fuel usage through introducing alternative fuels such as bio-oil. The fast pyrolysis process used for
wood materials has recently gained substantial attention as an approach to produce bio-oil worldwide
and in Korea as well. Bio-oil from fast pyrolysis contains highly oxygenated compounds and phenolics,
thereby requiring upgrading processes, such as deoxygenation and condensation, for high-end use.
To determine an efficient upgrading method for fast pyrolysis bio-oil (FPBO), one needs to elucidate
its composition and classify it into chemical groups. We analyzed the composition of fractionized
FPBO toward high-end use. FPBO was separated into two layers by adding distilled water: (a) the
water-soluble phase, and (b) the oil phase, whereas liquid-liquid extraction and multi-step separation
were applied for fractionization, respectively. The fractions were obtained, and their chemical groups
were analyzed by gas chromatography time-of-flight mass spectrometry (GC×GC-TOF/MS). The water
phase was separated into two fractions and classified into the main chemical groups of phenolics
(9%) and heterocyclics (31%). The oil phase, which was separated into four fractions, was classified
into the main chemical groups of phenolics (32%) and heterocyclics (23%). Our findings can help to
upgrade products for high-end use.

Keywords: fast pyrolysis bio-oil (FPBO); gas chromatography time-of-flight mass spectrometry
(GC×GC-TOF/MS); liquid-liquid extraction; multi-step separation

1. Introduction

Many countries around the world are currently actively implementing long-term
plans, including carbon neutrality policies, until 2050 to fight climate change caused by
greenhouse gas (GHG) emissions [1]. Biofuels are characterized by lower GHG emissions
and cause less air pollution, such as NOx, than fossil fuels. Given the threat of global climate
change, biofuels are currently emerging as an alternative energy source [2]. Furthermore,
the main raw materials, such as corn, wood, and algae, can all absorb carbon during
biofuel production. Therefore, biofuels are suitable as a solution toward carbon neutrality.
Meanwhile, corn and palm oil, which account for most of the bio-oil production, exacerbate
environmental pollution during cultivation [3]. Therefore, it is necessary to diversify raw
materials by making biofuels using low-cost materials, such as waste wood [4]. In particular,
biofuel consumption will be intensified because it is challenging to replace large combustion-
engine fuels, such as marine and aviation fuels, with alternative fuels. For marine fuel, the
International Maritime Organization regulations enforce the reductions of pollutant emissions
from seas by 50% by 2050. Hence, ammonia, natural gas ships, and biofuels that can be used
for scrubbers are also being considered as advantageous environmental solutions [5]. The
International Air Transport Association policy is promoting the use of sustainable fuel made
from low-carbon stock biomass to use as aviation fuel. They have established the goal for
reducing carbon dioxide emissions by 50% by 2050, relative to 2005 levels [6].
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Overall, it is necessary to produce wood-biomass-derived biofuels, as well as existing
biofuels derived from agricultural and algal biomass [7]. Nowadays, there are numerous
physicochemical processes for converting wood biomass to biofuel, and the pyrolysis
process, which is a thermochemical conversion method, is a widely used pretreatment for
biofuels [8]. Lignocellulosic biomass consists of 35–50% cellulose, 20–35% hemicellulose,
and 10–25% lignin, along with protein, fiber, and glucose. The ratios of these compositions
differ for each wood species [9]. For instance, hardwood and softwood contain more
cellulose than other components. However, straw and grasses contain large amounts
of hemicellulose. Cellulose chains have parallel alignment and crystallin structure, cou-
pled with the van der Waals forces and hydrogen bonds, while hemicellulose chains are
polymers that have intertwined short chains, and lignin contains polymers of phenolic
compounds [10].

Given their structural characteristics (they are commonly composed of complex and
molecular structures), they must be disrupted via pretreatment processes, such as pyrolysis,
which can easily convert them. Initially, biomass was converted to fuel by fermentation
or hydrolysis to produce ethanol and methanol. Although these pretreatment processes
are effective for celluloses or sugars, their use for lignin and hemicelluloses is currently
limited because of high energy consumption and production of inhibitory compounds
such as phenolics and furans [11]. To convert to fuel by utilizing lignin and hemicelluloses, a
pyrolysis pretreatment that can be done for cracking polymer components is utilized as well.

Pyrolysis is classified into slow, fast, and flash types, which are distinguished by the
reaction time and temperature in the absence of oxygen [12]. In particular, fast pyrolysis
can maximize the liquid yield at 450–550 ◦C under anaerobic conditions for 1–5 s, which is
a short reaction time. Subsequently, the products are separated from the cyclone process
and cooling condensation [13]. The pyrolysis process conditions affect the product yields,
including volatile gas, char, and oil. The rate of production depends on biomass mass,
activation energy, and temperature. The activation energy is associated with the type of
biomass. Of the reactors used for pyrolysis, such as rotary, rotating cone, and fluidized bed
reactors, fluidized bed reactors were used in this study to produce fast pyrolysis bio-oil
(FPBO) [14]. In particular, FPBO produced by this type of reactor consists of 10% char,
15% gas, and 75% oil [15].

FPBO is produced with low-quality fuel because of its high-water content, acid number,
viscosity, and low net calorific value. Therefore, an upgrading process is essential for the use
of bio-oil as an advanced fuel or chemical product. In this context, upgrading processes such
as hydrodeoxygenation and decarboxylation are required to remove the oxygen content
in FPBO. Moreover, processes such as isomerization and hydrocracking are necessary to
adjust the carbon number to that of general petroleum fuel (gasoline carbon number 5–12,
jet fuel carbon number 8–16, diesel carbon number 14–23). For these processes, bio-oil
compound information is needed to select the optimal catalysts. In this way, one can reduce
coking and catalyst deactivation, which disrupts the upgrading process [16].

FPBO is easily fractionated into water and oil phases, which can be the solubilizing
effect of other polar hydrophilic compounds because of increasing total water content. The
water phase mainly consists of low molecular and high reactivity compounds, which were
used as a raw material to produce hydrocarbons, alcohols, and olefins [17]. The study
of the oil phase is limited because of its complexity, but many aromatics, phenols, and
guaiacols contained therein can also be used through extraction. Therefore, multiple steps
of liquid-liquid extraction are a potential method for extracting such FPBO [18]. Most
existing analytical studies have focused on the water phase of FPBO [19,20], which contains
numerous low-molecular compositions such as ketones and acids that are easily available
for upgrading processes. However, it is still challenging to directly upgrade the oil phase
because of its many complex and unusable compositions [21]. Due to this, it is important
to accurately fractionate them and to obtain the accurate information.

In general, gas chromatography-mass spectrometry (GC-MS) analysis is used to obtain
composition information, but it is still difficult to isolate distinct chromatographic peaks
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for compounds with complex structures because of low resolution. Therefore, gas chro-
matography time-of-flight mass spectrometry (GC×GC TOF/MS) with high resolution is
sometimes utilized to minimize the overlapping of chromatographic peaks [22].

These advantages of GC×GC TOF/MS enable the analysis of the chemical composi-
tions of both the water phase and the oil phase of FPBO. Note that it is more challenging
to analyze the latter phase than the water phase for the upgrading process. However,
GC×GC TOF/MS-based composition analysis has not yet been applied to FPBO for a
wide spectrum of water and oil phases. One can introduce a comprehensive approach
to composition analysis of FPBO, thereby extending the options of the FPBO upgrading
process, by identifying useful chemical compositions in both the water and oil phases.

This study aims to clarify the composition of FPBO to efficiently upgrade them to
advanced fuels. To this end, complex compositions of both water-soluble and water-
insoluble phases of FPBO to liquid-liquid extraction were comprehensively analyzed using
GC×GC TOF MS, which can do a more detailed analysis than GC-MS used for other
previous studies.

2. Materials and Methods
2.1. Materials and Reagents

In this study, we used FPBO made from sawdust in a plant-scale (20 tons/day) circulat-
ing fluidized bed reactor in Korea [14]. This process is suitable for large-scale plants because
it features a high mass transfer rate, and high heat transfer rate from gas to solid, while
also being easy to control. The FPBO was obtained from a circulating fluidized bed reactor
operating at 450 ◦C with the feeding rate of 100 kg/h (sawdust with an average particle
size of 0.7 mm). Subsequently, the FPBO underwent a recovery process consisting of two
cooling chambers and an electric precipitator. We analyzed the sample before fractionizing
the bio-oil by using EN 16900 (fast pyrolysis bio-oils for industrial boilers) [23]. It measured
the net calorific value on a wet basis, water content, pH, density at 15 ◦C, pour point, nitro-
gen content, kinematic viscosity at 40 ◦C, sulfur content, solid content, ash content, heavy
metals (Na, K, Ca, Mg), and elemental ratio (carbon:hydrogen:oxygen). The solvents used
in liquid-liquid extraction were chloroform (CHCl3, guaranteed reagent, Dejeongchem) and
petroleum ether (guaranteed reagent, Dejeongchem). The reagents used in the multi-step
separation were 1 N NaOH solution (guaranteed reagent, Dejeongchem), 1 N HCl solution
(guaranteed reagent, Dejeongchem), and dichloromethane (CH2Cl2, guaranteed reagent,
Dejeongchem). As well, acetone (C3H6O, guaranteed reagent, Dejeongchem) and methanol
(CH3OH, guaranteed reagent, Dejeongchem) were used as the washing solvents.

2.2. Liquid-Liquid Extraction

First, FPBO and distilled water were mixed in the same weight ratio. The mixed oil
was then placed in a centrifugation tube and stirred for 30 min, and then centrifuged at
1000× g rpm for 10 min to separate the water and oil phases. Next, 100 mL of the water
phase were taken from the centrifugation tube and added to 200 mL of solvent (ether
or chloroform) in a separatory funnel, stirred for 30 min, and stored for 24 h. Then, the
water phase that was insoluble in the solvent, called the residue and solvent phases, was
separated using a Venturi tube below the funnel. The solvent was further extracted from
the solvent phase by vacuum distillation (at a pressure range of 415–350 Torr and 30 ◦C for
ether and at a pressure of 150 Torr and 35 ◦C for chloroform) [24].

2.3. Multi-Step Separation

Furthermore, the multi-step separation was conducted for the oil phase from the
FPBO. First, 20 mL of 1 mol/L NaOH solution were added to 10 mL oil phase and the
mixture was stirred for 30 min. Then, the mixture was separated into ~20 mL of the light
fraction and ~10 mL of the heavy fraction by centrifugation at 1000× g rpm for 10 min.
Next, 20 mL of 1 mol/L HCl and 40 mL of CH2Cl2 were added to the light fraction for
neutralization. The sample was then separated into two layers after a few minutes, and the
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upper layer was removed. The remaining lower layer underwent atmospheric distillation
at 160 ◦C to remove CH2Cl2. The distillation sample is denoted as FA1, and the residue
sample is denoted as FA2. Subsequently, 20 mL of CH2Cl2 were added to the heavy fraction.
Likewise, the sample was naturally separated into two layers after a few minutes, and the
upper layer was removed. The remaining lower layer underwent atmospheric distillation
at 160 ◦C to remove CH2Cl2. The distillation sample is referred to as FB1 and the residue
sample is called FB2 [25]. The details of the fractional processes of the samples are shown
in Figure 1 and process yields are shown in Table 1
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Figure 1. Fractionization and analysis processes of FPBO.

Table 1. Fractionization process yields of FPBO.

Process Hydrocarbon Contents (w/w %)

FPBO 100.00

Water phase 41.59
Liquid-liquid extraction

chloroform solvent phase 3.32

Liquid-liquid extraction
chloroform residue phase 38.27

Liquid-liquid extraction
ether solvent phase 3.27

Liquid-liquid extraction
ether residue phase 38.32

Oil phase 58.41
Multi-step separation

FA1 13.25

Multi-step separation
FA2 4.10

Multi-step separation
FB1 31.37

Multi-step separation
FB2 9.69
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2.4. GC×GC TOF/MS for Composition Analysis

In this study, the composition of fractionated FPBO, which was placed in a 2 mL
vial, was determined by GC×GC TOF/MS with a modulator, secondary oven, and mass
detector (Pegasus-IV system, LECO Co., Ltd., Saint Joseph, MI, USA) [26]. In general,
GC×GC TOF/MS separates the compositions of a sample in the primary column in GC
by producing vaporized flow, and then condenses the separated compositions in two
steps by using a cryogenic system for a slow-down. At the final step, it separates them
again in the secondary column. Interestingly, it is possible to separate compositions that
are not separated in the primary column to maintain an efficient resolution and high
sensitivity by applying this process [23]. To this end, gas chromatography (7980A, Agilent
Co., Ltd., Santa Clara, CA, USA) was used with an HP-5 column (60 m × 0.25 mm inner
diameter × 0.25 µm film thickness, maximum temperature 320 ◦C) in this study. GC×GC
TOF/MS was programmed to set the purge flow at 3 mL/min, split ratio 50:1, split flow
200 mL/min, oven temperature from 40 ◦C to 280 ◦C, ion source temperature 230 ◦C, mass
range 35–650, and acquisition rate (spectra/second) 200.

The atomic mass and spectrum of compounds measured by GC×GC TOF/MS are
matched with the most probability and similarity chemical components in the library.
Through the library, 10 chemicals with the closest similarity to 999 are selected, and the
compound with the closest probability to 9999 is finally matched. The detection signal of
each chemical compound is expressed as an area, through which the composition ratio of
FPBO can be calculated. The component ratio for an unknown compound can be calculated
by Equation (1):

Rx =
Ax

At
× 100%, (1)

where Rx is the area ratio of unknown chemical components (%), Ax is the peak area of
unknown chemical components (mV), and At is the sum of peak areas of all matched
chemical components (mV).

These matched chemical components are classified into structurally similar chemical
groups, which are classified into phenolics, oxygenated heterocyclics, alcohols, carboxylic
acids, esters, ethers, ketones, aldehydes, other oxygen groups, and aliphatic groups most
commonly found in pyrolysis oil. All of these processes were identified by comparing
spectral data from the National Institute of Standards and Technology data library and the
Wiley data library to Microsoft Excel and LECO Pegasus 4D workstation software.

3. Results and Discussion
3.1. Properties of FPBO

In this study, we used the FPBO produced from sawdust. Table 2 shows the properties
of sample FPBO compared with those of EN 16900 [21], which represent the requirement
standard for boiler fuel, as well as comparison with ASTM D975 and ASTM D1655, which
represent requirements for advanced fuels such as diesel and aviation fuel [27,28]. Based on
the requirement standards, it can be confirmed that the properties of FPBO make it suitable
for use as boiler oil. However, its higher water content, lower net calorific value, higher
water content, lower kinematic viscosity, and lower pour point make it unsatisfactory
for use as transportation fuel. The inferior characteristics are driven by the following
phenomenon—20% of low-quality quencher oil is produced as a by-product during the
fast pyrolysis process, which is characterized by high water, solid, and ash content [29].
Therefore, it is necessary to upgrade the FPBO for high-end use.
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Table 2. Properties of sample FPBO.

Property Unit EN 16900
(Boiler)

ASTM
D975

(Diesel)

ASTM D975
(Diesel) FPBO

Net calorific value MJ/Kg Min 14.0 - Min 42.8 17.4
Water content m/m % Max 30 Max 0.05 Max 0.006 29.5

pH Min 2.0 - - 2.72
Density, 15 ◦C Kg/m3 Max 1 300 820 to 860 775–840 1177

Pour point ◦C Max -9 −35 to −15 - −25.0
Nitrogen content (m/m %) Report - - 0.113

Kinematic viscosity 40 ◦C mm2/s Max 50 2.0 to 4.5 Max 8 (−20 ◦C) 18.07
Sulfur content m/m % Max 0.05 Max 0.0015 Max 0.2 0.43
Solid content m/m % Max 0.5 - - 0.26
Ash content m/m % Max 0.05 Max 0.01 - 0.10

Na m/m % Max 0.02 - - 0.01
K m/m % Max 0.02 - - 0.01
Ca m/m % Max 0.02 - - 0.01

3.2. FPBO Compositions

In this study, FPBO was analyzed and the fractionated water and oil phases were
analyzed. In addition, the composition of two fractions for each two solvents in the aqueous
phase and four fractions in the oil phase were analyzed. Through GC×GC TOF/MS
analysis, FPBO has 499 peaks, the water phase (WP) has 492 peaks, the oil phase (OP) has
497 peaks, the sample extracted with chloroform (LLE CH solvent) has 400 peaks, insoluble
residues after the chloroform extraction (LLE CH residue) have 80 peaks, insoluble residue
after the chloroform extraction (LLE CH residue) has 400 peaks, insoluble residue after
ether extraction (LLE ET residue) has 125 peaks, FA1 has 13 peaks, FA2 has 125 peaks, FB1
has 28 peaks, and FB2 has 184 peaks that were matched as compounds, and the area ratio
was calculated for each peak through Equation (1).

When FPBO was analyzed by using GC×GC TOF/MS, 499 peaks, signifying different
compounds, were identified. Note that GC×GC TOF/MS can be used for the clear distinc-
tion of peaks, compared with GC-MS. Namely, the peaks (z-axis) that are not discernible
at a retention time (x-axis) are stretched on the additional TOF axis (y-axis) for clearer
identification (see a chromatogram in Figure 2 for details).
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As seen from the chromatogram, low-molecular-weight compounds such as formic
acid, methyl ester, and ethanol are in the front of the chromatogram, middle molecular
compounds such as 3-furaldehyde are in the middle of the chromatogram, and pheno-
lic compounds or polymer compounds, such as phenol and carinol, derived from the
large aromatic polymer of lignin and glucose contained in cellulose, are at the end of
the chromatogram.

The main compounds in FPBO are listed in Table 3. Specifically, ~14% is acetic acid,
which adversely affects the catalytic reforming, and about 13% is levoglucosan arising
from the pyrolysis of carbohydrates such as starch and cellulose [30], and the remaining
compounds are all within 2%.

Table 3. Main chemical compounds in FPBO.

No. Compounds Rx (%)

1 Acetic Acid 14.28
2 Levoglucosan 13.97
3 3-furaldehyde 1.75
4 Phenol 1.69
5 1,2-benzendiol 1.64
6 2-propanone, 1-hydroxy- 1.48
7 Hydroquinone 1.38
8 5-hydro-methyl dihydrofuran-2-one 1.36
9 2(5H)-furanone 1.33

10 Pentanoic Acid, 4-oxo- 1.17
11 Anhydro Sugar 1.16
12 Syringyl Acetone 1.05
13 1-hydroxy-2-butanone 1.03
14 2(5H)-furanone 0.92
15 Phenol, 4-propyl- 0.81
16 Isometric Dihydro-methyl-furanone 0.77
17 1,4:3,6-dianhydro-a-d-glucopyranose 0.73
18 2-hexyldecanoic Acid 0.73
19 Ethenone,1-(4-hydroxy-3,5-dimethoxyphenyl)- 0.71
20 1,3-di-o-acetyl-a-a-d-ribopyransoe 0.69

Although the analysis of FPBO by using GC×GC TOF/MS is useful, it could not
provide a complete description of the compositional distribution because of the undis-
cernible clusters of peaks. Therefore, a more detailed analysis is necessary through the
fractionization of FPBO first to the water and oil phases.

Fundamentally, FPBO dissolved in water, called the water phase, and undissolved
FPBO in water, called the oil phase, were separated from each other by liquid-liquid
extraction. Figure 3 shows that FPBO was clearly fractionated into a water phase and an
oil phase through liquid-liquid separation. The components with a light fraction (carbon
number < 6) were fractionated in the water phase. In particular, it contained oxygen group
compounds, sugars, and phenols, which can be applied to produce high-end fuels through
deoxidation. In the oil phase, numerous components were fractionated into a heavy fraction
(carbon number > 12). The GC×GC TOF/MS analysis revealed 492 peaks in the water
phase and 497 peaks in the oil phase, thereby confirming our predictions that more precise
compound analysis would be achieved.
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Furthermore, hundreds of compounds were further classified into chemical groups,
such as phenolics, oxygenated heterocyclics, alcohols, carboxylic acids, esters, ethers,
ketones, aldehydes, other oxygen groups, and aliphatic groups. This classification indicated
that the chemical composition of FPBO was composed 32% of phenolics, 33% of oxygenated
heterocyclics, 20% of carboxylic acids, 6% of ketones, 3% of aldehydes with which celluloses
or sugars can make coke [31], and within 1% of esters and alcohols, which are chemical
groups that are easily upgradable [32].

Figure 4 shows the results from the composition analysis of the water and oil phases
of the FPBO, expressed as chemical group percentages. The chemical compositions of the
WP were found to be < 10% of phenolics, 32% of oxygenated heterocyclics, and ~17% of
carboxylic acids. As for a single compound, 12% of levoglucosan, 9% of acetic acid, 8%
of guanidine, which were used as a fuel indicator for biomass, and 5% of 2-propanone
were extracted. At the same time, OP exhibited a water content of ~24%, which is ~5%
lower, compared with FPBO and ~58% of organic materials. The main components of OP
were found to be 39% phenolics, such as creosol, 23% of oxygenated heterocyclics, such as
furan-3-carboxaldehyde, 9% of carboxylic acids, such as acetic acid, 12% of ketones, such
as 2-propanone, 1-hydroxy-, and 8% of other compositions.
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The GC×GC TOF/MS analysis revealed that phenolic content was remarkably higher
in the oil phase than in the water phase. Both layers featured the most major compounds,
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which required further fractionation for more desirable separation of useful compositions to
upgrade for high-end use [33]. On this basis, the water-phase FPBO was further fractionated
into two fractions by liquid-liquid extraction by using two solvents, and the oil-phase FPBO
was fractionated into four fractions by multi-step separation.

3.3. Compositions from Liquid-Liquid Extraction of WP

Furthermore, liquid-liquid extraction (LLE) was performed by using two solvents,
chloroform and ether, to fractionate WP. Note that chloroform extraction can be used to
effectively extract aromatics and phenolics from cellulose and sugars. Furthermore, ether
extraction can effectively reduce coke formation and catalyst deactivation [34]. The two
solvents are known to have the most efficient yields at a solvent-to-liquid ratio of 2:1, and
although the yields of extraction are generally similar, their compositions can differ [25].

The compositions of the chemical groups in the WP and liquid-liquid extraction
fractions are shown in Figure 5.
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Our findings are summarized in this section. First, LLE CH solvent was estimated to
contain 31% of phenolics, which is difficult to upgrade, and 34% of oxygenated heterocyclics
such as 2(5H)-furanone and furfural. LLE CH residues were found to be 49% of carboxylic
acids, such as acetic acid, which can be converted to alcohol through esterification. Second,
LLE ET solvent was shown to contain 33% of phenolics, thus, higher than the one in LLE CH
solvent, and 5% of aldehydes such as 1,2-benzendiol and methylglyoxal. LLE ET residues
were estimated to be constituted by 38% of sugar and guanidine, which are wood-derived
compounds [35]. Notably, liquid-liquid extraction with chloroform was proven to be
effective in extracting oxygenated heterocyclic compounds and phenolics remaining in WP.
However, most carboxylic acids remained in the residues after the chloroform extraction.

3.4. Compositions from Multi-Step Separation of OP

OP has more phenolic compounds than WP and is effectively fractionated by multi-
step separation (MSS) by adjusting the pH at different steps. The OP fraction was divided
into four fractions by multi-step separation, as shown in Figure 1. The compositions of the
chemical groups in the OP and multi-step separation fractions are illustrated in Figure 6.
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We also found that FA1 from the light fraction of OP was composed 31% of hetero-
cyclics, such as hydroxy-decalactone, and 10% of ethers and esters, such as methyl formate,
ethane, and 1,1-oxybis. Moreover, 31% of other components, such as sulfur or nitrogen
compounds, were extracted from FA1, while no phenolic compounds were extracted from
FA1. The FA2 from the light fraction of OP was estimated to be 55% phenolics such as
creosol, syringyl acetone, and phenol, 4-propyl-, 9% carboxylic acids such as acetic acid,
and 15% heterocyclics such as 1,2-cyclopentanedionem, 3-methyl. The FB1 from the heavy
fraction of OP was found to be 10% phenolics, and 38% other components such as sulfur
or nitrogen compounds, 11% alcohol such as mehan-d3-ol, and 15% ketones such as 2,3
butanedione. We further found that the FB2 contained up to 62% of phenolics and 8% of
heterocyclics such as furanal. This analysis indicates that four fractions separated from
OP by multi-step separation consisted of different chemical groups. In particular, OP was
found to be enriched in phenolics and was further concentrated into multiple fractions
(FA2 and FB2) via multi-step separation. Notably, such concentrated phenolics can then be
converted to low molecules by cracking or to aromatics by deoxygenation to upgrade the
high-end fuel. Other chemical groups can also undergo a composition-specific upgrading
process for similar purposes.

4. Conclusions

Sawdust-derived FPBO was separated into various oxygen compounds, such as phe-
nolics, ketones, carboxylic acids, and heterocyclic compounds, by GC×GC TOF/MS in
this study. To utilize FPBO, upgrading processes such as hydrodeoxygenation, aldol con-
densation, and ketonization are required. The upgrading process fundamentally depends
on the target chemical composition of pyrolysis oil. For instance, alcohols or esters can
be easily upgraded, while phenolics require a more complicated approach. Specifically,
through these processes, pyrolysis oil can be converted into aliphatic hydrocarbons, such
as paraffins, olefins, and naphthenes, which are advanced fuel elements.

Our analysis enabled us to classify the chemical components of FPBO and its six
fractions. In the water phase, which was fractionated into two fractions, most of the
heterocyclics were extracted into the solvent fraction, while most of the acetic acid remained
in the residue fraction, which often reduces the efficiency of the catalyst. To separate
carboxylic acids such as acetic acid, the chloroform solvent is more efficient than ether
solvent, and heterocyclic oxygen compounds are also more clearly separated.

In the oil phase, esters and ethers were fractionated into FA1, and alcohols and esters
were fractionated into FB1. Phenolics such as benzene and phenol were fractionated into
both FA2 and FB2. In addition, a high ratio of heterocyclic compounds is fractionated in
FA1, which is advantageous for the highest tendency toward polymerization. Therefore,
it is judged that FA2 and FB2 can produce suitable aromatics because of high phenolic
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compositions. In comparison with the study results of Junyu et al., the extraction of ketones
from FA1 and ester extraction from FA2 were different, but the extraction of the number of
phenols from FB2 was consistent.

Overall, the blending of suitable compounds for creating efficient fuel is important
for the upgradation of wood-derived FPBO to transportation fuel. Moreover, fractional
compound analysis can play a pivotal role in identifying useful compositions that can be
utilized in the efficient upgrading process for high-end fuels.
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