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ABSTRACT: This paper reports the co-hydrotreatment of the
heavy bio-oil fraction with waste cooking oil (WCO) using the
NiMo/γ-Al2O3 catalyst, followed by the distillation of the resulting
deoxygenated oil and the characterization of the resulting fuel cuts.
The heavy Biomass Technology Group (BTG) bio-oil fraction was
obtained by removing the very reactive light-oxygenated com-
pounds via rotary evaporation and subsequently mixed with 1-
butanol. The resulting oil was blended with WCO and subjected to
a two-step co-hydrotreatment process. The first step, called
“stabilization,” was aimed at saturating highly reactive hydrogen-
deficient compounds. The second step, called “deoxygenation,”
aimed to remove bio-oil oxygen, primarily as H2O. This study
examined the impact of varying bio-oil concentrations (0, 10, 20,
30, 40 wt % of WCO) on the upgraded oil’s yield, composition, and fuel properties. The resulting hydrotreated oil was distilled into
gasoline-range, kerosene-range, and diesel-range hydrocarbons at <150, 150−250, and 250−350 °C, respectively. The yield of the
hydrotreated oil indicated that as the bio-oil concentration increased, the amounts of coke (0.7−2.4%) and water (2−10 wt %)
increased, while the organic layer yields decreased (80−63%). The coke yield was comparable to the coke yield obtained when co-
processing the pyrolytic lignin fraction. This suggested that coke was formed from both the sugar oligomers and the lignin-derived
oligomers. The UV fluorescence analysis on the hydrotreated oil showed that more polycondensed and conjugated ring compounds
formed as the bio-oil concentration was increased. These compounds are precursors of coke. Fourier transform infrared spectroscopy
(FTIR) results showed that most raw materials were converted to biofuels after the hydrotreatment. To achieve less than 1 wt % of
coke yield, blends with up to 20 wt % pyrolysis oil should be used. An increase in the bio-oil concentration led to a slight increase in
the gasoline yield and a decrease in kerosene and diesel yields. The identified carbon species found in the fuel cuts included n-
paraffin, iso-paraffin, cycloparaffin, and aromatics. Further, the jet fuel cut (kerosene) was characterized by density, surface tension,
and viscosity. Our product conforms to the standard specifications for sustainable aviation fuels (Jet A-1). Further research is
suggested to fine-tune the operating parameters for achieving reduced coke yield and enhanced kerosene yield.

1. INTRODUCTION
Faced with energy shortfalls, higher prices, and the issues
associated with environmental concerns, researchers worldwide
are motivated to explore the potential of bio-oil from biomass.1

Biomass is abundant and is our only renewable C source for fuel
and chemical production. Lignocellulosic biomass is converted
to bio-oil through hydrothermal liquefaction (HTL) and fast
pyrolysis. Fast pyrolysis is a mature technology that converts
lignocellulosic biomass into bio-oil with up to 75 wt % yield2,3

under a temperature range of 450−600 °C in the absence of
oxygen.4−6

Bio-oil consists of hundreds of compounds, including water
(15−30 wt %), light oxygenates (LO, 8−26 wt %), mono-
phenols (2−7 wt %), water-insoluble oligomers derived from
lignin 15 to 25 (wt %), and water-soluble (WS) molecules (10−
30 wt %).7−12 The high amounts of water and oxygen in a variety

of chemical functionalities result in poor bio-oil properties such
as corrosiveness, high viscosity, low energy density, or thermal
instability, thereby limiting the use of bio-oil as “drop-in”
transportation fuel.13−17 This means that bio-oil must be
upgraded with additional physical and chemical processes to
produce a hydrocarbon stream similar to the properties of
existing liquid transportation fuels. Various techniques such as
catalytic hydrotreating, zeolite upgrading, fractionation, and
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emulsification have improved unwanted bio-oil properties.16,18

Catalytic hydrotreatment, a promising bio-oil upgrading route,
involves treating bio-oil with H2 under high pressure and
temperature between 200 and 400 °C. Battelle, Pacific
Northwest Laboratory, has patented a two-stage process step
of hydrodeoxygenation (HDO): stabilization and deoxygena-
tion to reduce coke formation.19−21 Stabilization involves the
pretreatment of the hydrogen-deficient compounds specifically,
double bonds and carboxyl and carbonyl functional groups at
lower temperature (below 280 °C) to form a more stable oil
intermediate that can be deoxygenated at a higher temperature,
typically close to 350 °C. This step is typically conducted with
precious metal catalysts such as Pt, Ru, and Pd.3,22,23 However,
these catalysts are expensive and deactivate easily in the presence
of poisoning molecules in the oil such as S, P, and metals.24,25

The second stage involves cracking and oxygen removal
(deoxygenation) usually in the form of H2O. The most
extensively used HDO catalysts in the petroleum refineries are
NiMo/γ-Al2O3 and CoMo/γ-Al2O3.

26,27 These catalysts are
widely available and are cheaper.
Bio-oil upgrading has been a study for many years. However,

coke formation remains the top concern and is believed to be
caused by the heavy unknown oligomeric compounds, especially
those from the sugars.10,28−30 Therefore, researchers have
explored various routes to mitigate coke formation including
fractionation17,31 to get rid of the sugar-rich fraction, addition of
organic solvents like methanol and butanol to stabilize the bio-
oil, and co-hydrotreatment with hydrogen-rich chemicals like
vegetable oils and/or waste cooking oils (WCOs) prior to
upgrading. For example, Kloekhorst et al.32 and Figueired̂o et
al.33 hydrotreated the pyrolytic lignin fraction over Ru/C and
Pd/C catalysts, and their result indicated the potential use of
lignin to produce phenols and aromatics. Another study34

reported that the lignin feed has shown significant impact on the
oil quality compared to using the whole bio-oil. A few studies
have also investigated the upgrading of the aqueous (water-
soluble and sugar-rich) fraction. Sanna et al.35 employed the
two-step hydrogenation of the WS bio-oil fraction over Ru/C
and Pt/C catalysts and successfully produced up to 45% carbon
in the WS to useful products such as gasoline cuts and diols.
Similarly, Li et al.36 employed the two-stage process to upgrade
the aqueous fraction produced by hydrolysis and obtained
gasoline-range products with a carbon yield of up to 57%. Yin et
al.37 studied both the sugar and lignin fractions and reported that
coke formation from the sugars is higher. On the one hand,
Kadarwati et al.38 showed that the addition of levoglucosan into
bio-oil prior to hydrotreatment did not yield more coke
compared to pure bio-oil under identical conditions; the coke
yield was increased in the absence of the catalyst instead.
To avoid the use of noble metal catalysts for stabilization,

efforts on the blending of bio-oil with organic solvents and co-
hydrotreating with hydrogen-rich oils have been made. The
work of Han et al.39 on the co-hydrotreatment of the bio-oil

lignin-rich oil (LRO) fraction and vegetable oil showed that the
coke yield without the addition of butanol was very high,
accounting for 25−50 wt % in all cases depending on the amount
of added LRO. However, the blending of 1-butanol to the
mixture mitigated coke formation, which decreased from 34.73
to 6.65 wt %. Another study40 explored the addition of butanol
to the water-insoluble fraction and co-hydrotreated it with waste
cooking oil over a sulfided NiMo/γ-Al2O3 catalyst and reported
a coke yield close to 2 wt %. The study of Cai et al.41 on the
influence of the bio-oil aqueous fraction (BAF) and methanol
mixing ratio confirmed the role and importance of methanol
blending in the feed before hydrotreatment. Methanol acted as a
hydrogen donor to the bio-oil components and mitigated coke
formation. This is evident when the BAF-to-methanol ratio is
high (2:1) because an insufficient supply of hydrogen leads to
accelerated deactivation of the catalyst. These various
techniques showed a compelling route toward the production
of liquid transportation fuels and chemicals from biomass
pyrolysis oil. Although the use of these alcohols increases
production costs, they could be part of a strategy that avoids the
use of noble metal catalysts during stabilization.
Despite these studies, further research is still needed to

upgrade the whole bio-oil, while minimizing coke formation
with the use of cheap stabilization catalysts. In this work, the bio-
oil (only light oxygenates were removed by rotary evaporation)
was blended with 1-butanol and co-hydrotreated (stabilized and
deoxygenated) with waste cooking oil over a presulfided NiMo/
γ-Al2O3 to produce transportation fuel cuts. The practical aim of
this work was to upgrade the bio-oil containing heavy fractions
from both sugar and lignin oligomers.

2. MATERIALS AND METHODS
2.1. Chemicals. Bio-oil was sourced from the Biomass Technology

Group (BTG) company in Enschede, Netherlands, and stored in the
refrigerator at −5 °C. The BTG bio-oil was produced from pine wood
using a rotating cone reactor (http://www.btg-btl.com/) at the
following conditions: ambient pressure, reactor temperature of
approximately 500 °C, and short gas residence time (<2 s). The
prefiltered waste cooking oil (yellow grease) was procured from Baker
Commodities Inc. and stored at room temperature. The bio-oil and
WCO were characterized in terms of elemental and proximate analyses
prior to utilization. The waste cooking oil characterization is found
elsewhere.40 The NiMo/γ-Al2O3 catalyst (granular) commercially
procured fromPNNLwas used. Dimethyl disulfide (DMDS) (≥99.0%)
was purchased from Sigma-Aldrich, while analytical-grade hydrogen
and nitrogen (>99.99%) were obtained from Linde.

2.2. Experimental Procedure. 2.2.1. Preparation of Samples.
BTG bio-oil was subjected to rotary evaporation (Büchi Rotavapor R-
3000, Thermo Scientific, Hanover Park, IL) at 55 °C and 29 in. of
mercury42 for approximately 2 h to remove the light oxygenates (LO),
mainly composed of water, acetol, acetic acid, and glycolaldehyde. The
light-oxygenated compounds accounted to 26 wt %. The hydrotreat-
ment study utilized the rotary-evaporated bio-oil premixed with 1-
butanol (99%, Alfa Aesar) at a ratio of 1 g of bio-oil to 0.5 g of 1-butanol
to mitigate coke formation.39 The resulting mixture was subsequently

Figure 1. Flowchart of activities employed in the study.
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blended with WCO at varying concentrations (0, 10, 20, 30, 40 wt %
WCO). The final feedstock blends were thoroughly mixed until
homogeneity was achieved.

A batch-type Parr reactor, featuring a 250 mL vessel capable of
operating at maximum conditions of 500 °C and 5000 psi, was used in
the hydrotreatment process. The system was equipped with a gas
injection stirrer to promote the mixing of the feedstocks and facilitate
better hydrogen transfer into the bio-oil. Initially, the reactor vessel was
weighed with the catalyst inside, and it was ready for drying. The reactor
was closed and purged with N2 gas at 150 psi and room temperature to
eliminate residual air. Subsequently, a leak test was performed several
times using a leak detector (catalog no. 22655, Restek) by introducing
pressurized H2 gas at 150 psi and room temperature. The Supporting
Information shows the analysis of the light-oxygenated compounds
removed from the bio-oil.
2.2.2. Co-hydrotreatment Experiment. The hydrotreatment

procedure is described elsewhere.15,39

Briefly, the NiMo/γ-Al2O3 catalyst (1.30 g, wt % of feedstock) was
loaded into the reactor and subjected to drying at 150 °C for 2 h. The
reactor was then cooled using an air blower and depressurized to
facilitate the safe introduction of dimethyl disulfide (DMDS) during the
sulfidation process. 1 mL of DMDS was introduced into the system to
activate the catalyst, followed by flushing with N2 gas at 150 psi and
room temperature to remove air from the autoclave reactor. To perform
a leak test, the reactor was pressurized with H2 gas at 200 psi and room
temperature. Following the successful leak test, the reactor was
pressurized with H2 gas and heated to the desired temperature for a
specified time. After completing the sulfidation process, the reactor was
cooled to introduce the feedstock safely. A 50 g feedstock was injected
into the system through the input valve using a 500 mL syringe. The
systemwas again flushed with N2 gas to remove air and then pressurized
with H2 gas to check possible leaks. Subsequently, the system was
pressurized withH2, heated to 250 °C, and stirred for 24 h. This phase is
called stabilization, where hydrogen-deficient compounds react with
hydrogen atoms, transforming alkenes into alkanes and carbonyls into
alcohols. Finally, the temperature was elevated to 380 °C for 4 h to
reject oxygen in the water form, completing the deoxygenation process.
The reactor was then cooled to room temperature and depressurized

before sample collection. Figure 1 shows the specific flowchart
employed in this study.
2.2.3. Collection of Products. The reactor was opened to collect

solid (coke) and liquid products. The vessel with the hydrotreated oil
and catalyst inside was weighed for proper mass balance calculations.
The trace amounts of liquid splashed on the reactor ceiling were
carefully collected by using a syringe. The liquid was separated from the
solid products and transferred to a cone centrifuge tube. The liquid,
containing both water and hydrotreated oil, underwent centrifugation
(Centaur 2 benchtop centrifuge) at 3000 rpm for 30 min to isolate the
water. The organic layer was then isolated from the water products. The
spent catalysts and coke were vacuum-filtered (Whatman No. 42 filter
paper) and washed with acetone several times to remove any residue.
Subsequently, the catalyst and coke were dried in the hood overnight,
and weights were recorded. The coke that accumulated on the stirrer
and splashed on the reactor ceiling was also collected. The total amount
of coke was determined. The yields were reported, and the hydrotreated
oil was analyzed by using UV fluorescence and Fourier transform
infrared spectroscopy (FTIR) instruments.
2.2.4. Distillation of Hydrotreated Oils. The hydrotreated oil was

distilled utilizing a simple distillation setup (ASTM D86-12) described
elsewhere.40,43 Briefly, 20 g of the hydrotreated oil was distilled at <150
°C, 150 to 250 °C, and 250 to 350 °C to obtain gasoline-range,
kerosene-range, and diesel-range hydrocarbons, respectively. Residuals
were observed at temperatures exceeding 350 °C. The yields were
reported, and the distillation cuts (fuel cuts) underwent detailed
characterization (elemental composition, carbon distribution analysis,
density, surface tension, and viscosity).

2.3. Characterization of the Feed and Upgraded Product.
The following characterization techniques were performed to analyze
the feedstock and product samples.
2.3.1. Proximate Analysis. A thermogravimetric analyzer, SDTA

851e (Mettler Toledo), was used to determine the fixed carbon, volatile
matter, and ash content of the feedstocks following a method described
elsewhere.44

2.3.2. FTIR. The Fourier transform infrared (FTIR) spectra were
acquired by using a Shimadzu IRPrestige 21 spectrometer equipped
with a MIRacle single reflection ATR Ge probe. Enough samples were
introduced into the crystal window, and spectra were recorded at a
range of 600−4000 cm−1, 64 scans, 4 cm−1 resolution, and Harp−
Genzel for the apodization. Background correction was performed
before each sample measurement.
2.3.3. Ultraviolet (UV) Fluorescence. Samples were dissolved in

high-performance liquid chromatography (HPLC)-grade dichloro-
methane (DCM) at 500 ppm. Analysis was done using a Shimadzu RF
5301 pc (software: Panorama Fluorescence 2.1) spectrometer. The
synchronous fluorescence spectra at a constant wavelength difference
were set. The excitation and emission wavelengths were scanned from
250 to 700 nm and 265 to 715 nm, respectively. Both the excitation and
emission slit widths were set at 3 nm, and data were recorded every 1
nm.
2.3.4. Elemental Analysis (CHNO-S). The elemental composition

(C, H, N, O, and S content) of the distillation cuts was analyzed at
PNNL using an automated Euro Vector EA3000 CHNS analyzer with
acetanilide as the calibration reference. Each sample was analyzed in

Table 1. Composition of the BTG Bio-oil and WCO

BTG bio-oil (light oxygenates were
removed)

WCO (Paiva Pinheiro
Pires et al., 2023)40

Elemental Analysis
C (wt %) 55.25 78.0 ± 0.3
H (wt %) 6.75 9.3 ± 0.0
N (wt %) 0.19 0.2 ± 0.0
O (wt %) 37.81 12.5 ± 0.3

Proximate Analysis
volatiles 82.4 61.7
ash 0.0 0.0
fixed
carbon

17.6 38.3

Figure 2. Hydrotreated oil at different bio-oil concentrations (left) and representative distillation cuts (right).
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duplicate, and the average value is reported. Combustion and reduction
tubes were packed accordingly to analyze carbon, nitrogen, sulfur, and
hydrogen. The combustion tube was heated to 1150 °C with the
reduction tube heated to 850 °C. Samples for the oxygen content
analysis were analyzed using an Elementar Rapid Oxy-Cube. The
combustion tube was packed according to the manufacturer’s
specifications and heated to 1450 °C. Helium was used as the carrier
gas. Typical sample sizes range from 10 to 30 μL.
2.3.5. Density. A Gay-Lussac pycnometer (2 mL) was used to

determine the density of the distillation cuts. The complete procedure is
described elsewhere.45 Briefly, the pycnometer was completely filled
with samples and weighed. Density was calculated by multiplying the
mass of the samples by the corresponding volumes. The test was done
in triplicates.
2.3.6. Surface Tension. The surface tension measurement was done

employing the same method described elsewhere.45 Briefly, the Du
Noüy ring (R = 9.55 mm, r = 0.2 mm)method was used with a LAUDA

Figure 3. Product yields of the co-hydrotreated bio-oil and WCO.

Figure 4. Product yield (%) of the distillation cuts.

Figure 5. FTIR spectra of the feedstocks and hydrotreated oils.
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TD 2 tensiometer. Before each measurement, the Du Noüy ring was
washed with acetone and flamed using a minitorch to avoid any

contamination. Calibration was performed using a calibration weight of
500.00 mg (standard deviation = 0.1 mg). Enough samples were loaded
into the sample vessel. During the measurement, the ring should be at
least 2−3 mm below the surface of the sample. The measuring
parameters were set as follows:Mov. speed = 5;Mov. Opt. = 20%; pause
= 1min;max. time = 15min; points of Stdv = 5; and Stdv = 0.01mN/m.
Analysis was done in triplicate, and the average was reported with
standard deviations.
2.3.7. Kinematic Viscosity. The viscosity was determined by using a

KV1000 digital constant-temperature kinematic viscosity bath. The
procedure is described elsewhere.45 Each sample was subjected to
viscosity measurements at four different temperatures (15, 25, 35, and
45 °C). The viscosity bath (borosilicate glass jar) was filled with
distilled water that serves as the heat transfer fluid up to 5 cm from the
rim of the bath to allow for fluid expansion. The glass viscometer was
submerged in the bath, and samples were loaded into it. An air supply
was used to apply pressure into the sample to push it up at 7 mm above
the first timing mark of the viscometer arm. The sample was allowed to
flow by gravity until the second timing mark, while the time was being
recorded. The viscosity was calculated bymultiplying the recorded time
(s) by the viscometer calibration constant (mm2/s2). Measurement was

Figure 6. UV fluorescence spectra of the feedstocks and hydrotreated oils.

Table 2. Elemental Composition of the Distillation Cuts (wt
%)

bio-oil
concentration

(wt % of WCO) fuel cuts C H N O S

0 gasoline 80.86 14.67 0.67 0.02 0.24
kerosene 85.9 15.39 0.15 0.05 0.08
diesel 86.41 15.19 0.42 0.07 0.05

10 gasoline 78.08 14.99 0.69 0.03 0.24
kerosene 85.52 15.75 0.14 0.05 0.08
diesel 86.57 15.61 0.44 0.06 0.03

20 gasoline 84.37 15.74 0.43 0.51 0.03
kerosene 86.16 15.54 0.70 0.45 0.02
diesel 86.35 15.7 0.65 0. 26 0.03

30 gasoline 83.90 15.37 0.51 0. 87 0.04
kerosene 85.44 14.94 0.52 1. 25 0.03
diesel 86.82 15.20 0.52 0.69 0.02

40 kerosene 86.00 14.59 0.67 2.01 0.04
diesel 86.07 14.71 0.66 1. 24 0.03

Table 5. Viscosity (mm2/s) of the Distillation Cuts

bio-oil
concentration

(wt % of WCO) fuel cuts −20 °C 15 °C 25 °C 35 °C 45 °C
0 gasoline 1.02 0.72 0.65 0.62 0.54

kerosene 1.89 1.52 1.31 1.14 1.00
diesel 6.17 4.88 3.84 3.10 2.54

10 gasoline 0.86 0.69 0.63 0.58 0.53
kerosene 1.96 1.48 1.27 1.14 0.99
diesel 5.60 4.50 3.50 2.90 2.41

20 gasoline 1.17 0.85 0.78 0.73 0.69
kerosene 4.45 3.54 2.86 2.36 1.98
diesel 7.34 5.93 4.57 3.63 2.96

30 gasoline 0.99 0.82 0.73 0.66 0.60
kerosene 3.51 2.48 2.02 1.72 1.39
diesel 6.54 5.28 4.09 3.26 2.66

40 gasoline 1.32 0.88 0.67 0.57 0.51
kerosene 4.48 3.38 2.71 2.22 1.81
diesel 7.51 6.11 4.64 3.63 2.93

Table 3. Density (g/mL) of the Distillation Cuts (at 15 °C)

bio-oil concentration (wt % WCO) gasoline kerosene diesel

0 0.7114 0.7537 0.8066
10 0.7129 0.7402 0.7931
20 0.7282 0.7898 0.8148
30 0.7312 0.7831 0.8081
40 0.7408 0.8027 0.8122

Table 4. Surface Tension (mN/m) of the Distillation Cuts

bio-oil concentration
(wt % of WCO) gasoline kerosene diesel

0 20.94 ± 0.0 23.10 ± 0.0 21.30 ± 0.01
10 20.76 ± 0.0 23.09 ± 0.0 23.65 ± 0.01
20 21.68 ± 0.01 23.75 ± 0.01 23.50 ± 0.01
30 21.53 ± 0.01 24.06 ± 0.01 24.03 ± 0.01
40 21.69 ± 0.01 24.15 ± 0.01 24.65 ± 0.01
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done in triplicate, and average values were reported. The density at −20
°C was extrapolated.
2.3.8. Two-Dimensional Gas Chromatography−Flame Ionization

Detection (2D GC-FID). Two-dimensional gas chromatography with
flame ionization detector analysis was employed to identify the carbon
species found in the fuel cuts. An Agilent 8890 instrument with a
SepSolve flow modulator was used. The first-dimension column is a
Restek Rxi-17Sil (60 m × 0.32 mm × 0.50 μm), and the second-
dimension column is a Restek Rxi-1 ms (15 m × 0.32 mm × 0.50 μm).
Grade 5.0 helium served as the carrier gas, with flow rates of 1.2 and 48
mL/min through the first- and second-dimension columns, respec-
tively. The GC oven starts at 40 °C for 30 s, followed by a gradual
increase at 1 °C/min until reaching 280 °C. The modulation time was
set at 10 s. The injection volumewas 1 μL. The hydrocarbon group-type
analysis was performed following the method described by Vozka et
al.46

3. RESULTS AND DISCUSSION
3.1. Feedstock Characterization. Table 1 shows the

elemental and proximate analysis of the oils studied in this
article. The oxygen content in the pyrolysis oil is much higher
than that in the waste cooking oil.

3.2. Yields of the Hydrotreated Oil and Distillation
Cuts. Figure 2 shows the pictures of the hydrotreated oil at
different bio-oil concentrations (left) and representative
distillation cuts (gasoline-range, kerosene-range, and diesel-
range) (right) obtained from amixture with 30 wt % bio-oil. The
image of the hydrotreated oil clearly shows the water molecules
formed during the upgrading process.
Figure 3 shows the yield of the hydrotreated oil on a feedstock

basis. As the bio-oil concentration is increased, the amount of
organic layers decreases (80.3−62.9 wt %) and the amounts of
coke (0.7−2.4 wt %), gas (17.2−24.4 wt %), and water (1.8−
10.3 wt %) increase. The amount of coke was comparable to that
of a previous study utilizing the pyrolytic lignin fraction. Under
similar hydrotreatment conditions, the coke yield was close to
2%.40 This implies that coke formation during HDO is not
exclusively attributed to sugars; sugars and lignin contribute
equally. If we extrapolate our result and consider no interaction
between the fractions, the yield of the organic phase, aqueous
phase, coke, and gases attributable to the bio-oil fraction was
42.5, 26.5, 5.5, and 23.4 wt %, respectively.
Figure 4 shows the distillation cut yield on a feedstock basis

(mass of bio-oil + waste cooking oil + 1-butanol). It is observed
that the yield is not much affected by the increase in the bio-oil
concentration. The diesel cut has the highest yield regardless of
the bio-oil concentration but decreases from 10 to 40 wt % of
bio-oil concentration. The yield of gasoline and kerosene cuts
decreased slightly with increased bio-oil concentration,
especially at 20−40 wt % bio-oil concentration. The yield of
residuals is directly related to the increase in the bio-oil
concentration. While we referred to these cuts as gasoline,
kerosene, and diesel in this article, it is important to note that
they are not strictly gasoline, kerosene, and diesel. The actual
yield and composition of these cuts will vary based on the
distillation method employed. Commercial continuous units
will result in slightly different cuts.

3.3. Distillation Cuts. 3.3.1. FTIR. The FTIR spectra of the
feedstocks and hydrotreated oils are shown in Figure 5. Results
showed that most raw materials were converted to biofuels after
the hydrotreatment. The broad, high peaks observed between
1700 to 1800 and 1000 to 1300 cm−1 associated with C�O
stretches (carboxylic acids, carbonyls) and C−O stretches
(alcohols and carboxylic acids from the bio-oil and ester groups
from the WCO), respectively, were eliminated after the
hydrotreatment.
However, a small peak can still be seen at 30 and 40 wt % bio-

oil concentrations. The peaks observed at 1600 cm−1 are
associated with aromatic C�C stretching. Small peaks can still
be seen at 20, 30, and 40 wt % bio-oil concentrations, which
mean that the C�C is not fully converted to alkanes during the
hydrotreatment. Bio-oil is the main contributor to C�C bonds.
Sharp peaks are observed between 1380 and 1470 cm−1

associated with −CH3 and −CH2, respectively. These peaks
correspond to the alkanes formed during the hydrotreatment.
3.3.2. UV Fluorescence. Figure 6 shows the UV fluorescence

spectra of the feedstocks and the hydrotreated oil. Monomers,
mostly phenols, are observed at 283 nm. Conjugated ring
systems are evidenced in the 300 to 450 nm wavelengths. As we
add higher quantities of bio-oil, more polycondensed and
conjugated ring system compounds are formed. These
compounds are precursors to coke formation.39

3.3.3. Elemental Analysis (CHNO-S). Table 2 shows the
elemental composition of the distillation cuts. C and H contents
increased, and the O content decreased compared with the raw

Figure 7. Percentage distribution of carbon species identified in the fuel
cuts.
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feedstock. In general, the content of the oxos in the cuts
increased as the content of bio-oils increased.
3.3.4. Density. Table 3 shows the density of the distillation

cuts. The gasoline cut ranges from 0.71 to 0.74 g/mL, the
kerosene cut varies from 0.75 to 0.80 g/mL, and the diesel cut
accounts for 0.81 g/mL. As the bio-oil concentration is
increased, the density of the distillation cuts increased due to
the increase in the content of aromatics. Kerosene cut density
conforms to the standards for Jet A-1, which must be within the
range of 0.775−0.840 g/mL at 15 °C.45

3.3.5. Surface Tension. Table 4 shows the surface tension of
the distillation cuts. The gasoline cut has the highest surface
tension, followed by the diesel cut and then the kerosene cut. As
the bio-oil concentration is increased, the surface tension of the
distillation cuts increased. No standards have been specified, but
the Handbook of Aviation Fuel Properties (Coordinating
Research Council Incorporated 1983) reports an average value
of 23.5 mN/m.45

3.3.6. Viscosity. The viscosities of the distillation cuts are
shown in Table 5. Results showed that the kerosene cut is within

Figure 8. Percentage distribution of each class of hydrocarbons identified in the fuel cuts (note: samples were not enough for analysis for the 40 wt %
bio-oil concentration of the gasoline cut).
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the recommended viscosity for aviation fuels, which is <8mm2/s
at −20 °C.45 The diesel cut has the highest viscosity (5.6−7.34
mm2/s), followed by kerosene (1.89−5.60 mm2/s) and gasoline
cuts (0.86−1.17 mm2/s). This is because the diesel cut contains
more products with a high number of carbon atoms, followed by
kerosene and then gasoline.47,49 As expected, viscosity decreased
with an increase in temperature and is consistent with the
literature.45,48,50 In general, the viscosity of the cuts increased
slightly with the increase in the bio-oil content in the feedstock.
3.3.7. 2D GC-FID. Figure 7 shows the carbon species found in

the fuel cuts. These include n-paraffins as the main product,
cycloparaffins, aromatics, and iso-paraffins regardless of the bio-
oil concentration. Results show that as the bio-oil concentration
is increased, the yield of n-paraffin and iso-paraffin products
decreased, while cycloparaffin and aromatic yields are increased,
especially evident in the 20−40 wt % bio-oil concentration. This
is consistent among the three fuel cuts, except for the
cycloparaffin yield in the gasoline cut, which was directly related
to the increase in the bio-oil concentration. The percent yield
(distillation cut yield basis) of n-paraffin in the kerosene cut
ranges from 3.9 to 9.5%, the cycloparaffin yield ranges from 1.4
to 3.9%, the aromatic yield is from 0.95 to 1.8%, and the iso-
paraffin yield ranges from 0.2 to 0.7%, depending on the bio-oil
concentration. Figure 8 shows the percent distribution of the
number of carbon atoms found in the fuel cuts. The gasoline cut
ranged from 7 to 12 carbon atoms, the kerosene cut ranged from
14 to 20 carbon atoms, and the diesel cut has 15−20 carbon
atoms.

4. CONCLUSIONS
In this work, a heavy bio-oil fraction was co-hydrotreated with
WCO using a NiMo catalyst supported on alumina to produce
biofuels. The bio-oil was premixed with 1-butanol (2:1) to
mitigate coke formation and subsequently blended with WCO.
Results demonstrated that co-hydrotreating the heavy bio-oil
fraction with waste cooking oil led to coke formation results
comparable to those achieved when using solely the lignin
fraction of the bio-oil. This implies that coke formation is not
mainly attributed to sugars; lignin fractions also play a significant
role. Additionally, prefractionation to eliminate the sugar-rich
fraction is unnecessary, maximizing bio-oil utilization while
saving time and resources. The characteristics of the fuel cuts,
including density, viscosity, and surface tension, conform to the
standards for jet fuels (Jet A-1). The predominant carbon
species in the fuel cuts are primarily n-paraffins, cycloparaffins,
aromatics, and iso-paraffins. The yield of n-paraffinic hydro-
carbons decreased with an increase in the bio-oil concentration,
while the yields of cycloparaffin and aromatic hydrocarbons
were directly related to the bio-oil concentration. Moreover, it is
recommended to use a 20 wt % bio-oil mixture with theWCO to
achieve a minimal coke yield (0.8%). Future research should
consider fine-tuning the operating parameters to further reduce
coke formation and enhance the kerosene yield. Additional
investigations are crucial to validate this process under
continuous conditions. Moreover, studies on catalyst regener-
ation and technoeconomic analyses should be conducted to
evaluate the economic viability of the proposed concept.
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