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ARTICLE INFO ABSTRACT

Keywords: Hydrothermal liquefaction (HTL) is a promising approach for producing biocrude oil from wet biowaste, but the
Hydrothermal liquefaction suboptimal properties of HTL biocrude hinder its direct utilization as transportation fuel. This study presents an
Food waste

innovative approach by integrating fractional distillation and emulsification to upgrade HTL biocrude derived
from food waste into renewable diesel blends. Fractional distillation is effective in removing metals, heavy
fractions, and impurities, thus improving the physicochemical properties of the biocrude. Subsequent emulsifi-
cation of distillates (10-30 wt%) with diesel, using Atlox 4912 as the surfactant, ensures a homogeneous mixture.
The solubility of biocrude in diesel increased from 34.80 wt% to 100 wt% after distillation. Compared to direct
HTL biocrude emulsification, distillate emulsion exhibited a 17.22% and 20.89% reduction in oxygen and ni-
trogen content, respectively, as well as significant improvements in terms of higher heating value, carbon and
energy recoveries, and reduction of metal elements. The resulting emulsion demonstrated comparable viscosity,
molecular weight, and boiling point distributions to the commercial diesel. Moreover, the oxidation and thermal
stability tests revealed superior performance of distillate emulsion, with no observable sedimentation during the
storage period. In contrast, direct biocrude emulsion experienced 14.37 wt% of phase separation. The mechanism
of emulsion aging was then investigated, providing the basis for obtaining emulsions with preferable yield and
quality. The comparative evaluation in this study showed that the integrated approach of fractional distillation
and emulsification enhances the feasibility and quality of producing renewable diesel blends from HTL biocrude.

Fractional distillation
Emulsification
Renewable diesel blends

1. Introduction which significantly contributing to biocrude production [4]. The

composition and interactions of these different compounds can directly

Food waste has increasingly been recognized as a significant social,
economic, and environmental issues. Its disposal in landfills and sub-
sequent decomposition generate gases that contribute to the greenhouse
effect, and leachate that contaminates the surrounding soil and water
resources [1,2]. To address this problem, hydrothermal liquefaction
(HTL) has emerged as a promising approach for converting food waste
into biocrude oil, offering a sustainable solution for waste management
and energy production [3]. Food waste is produced at every stage of the
food supply chain and includes various categories with distinct chemical
compositions. Proteins are mostly found in meat and fish processing
wastes; lignin exists mainly in vegetable and fruit wastes; and lipids are
primarily present in meat, seed, and some fruit processing residues,
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affect the quantity and quality of the biocrude. Therefore, previous
studies have explored the HTL of food waste with different biochemical
compositions using model compounds and representative real food
wastes [5,6]; as well as the co-liquefaction of food waste with other
types of waste (such as plastics, wood sawdust, and algae [7,8]) to
control the biocrude properties, and make full use of the feedstock.
Additionally, the impact of process parameters on HTL has been widely
studied, including the heating rate [9], kinetic severity factor (which
relates to temperature and time), solid content, and other critical factors
[10].

The HTL biocrude oils can be used for power generation, but their
intrinsic limitations, such as high viscosity, low heating value, and poor
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thermal stability, impede their direct utilization as transportation fuels
[11]. Various technologies have been investigated for upgrading bio-
crude, such as hydrotreating, hydrocracking, solvent extraction, esteri-
fication, and steam reforming. However, these techniques typically
involve complex equipment, expensive catalysts and solvents, high en-
ergy input, and often result in fuels with suboptimal quality [12,13].
From a technical and economic aspect, another strategy, emulsification,
has been developed to upgrade biocrude by combining it with a base fuel
such as diesel [14-16].

Emulsification offers several advantages: it is a simple process that
does not require complex chemical reactions; can be carried out under
mild conditions; and is effective in improving fuel properties and helps
to maximize the utilization of biocrude oil. External energy, often in the
form of stirring or heating, is typically involved to facilitate the emul-
sification, because of the need to overcome kinetic energy barriers and
mass transfer limitations that impede spontaneous formation of emul-
sions [17]. Emulsification can be driven by a variety of mechanisms,
such as generating kinetic energy through mechanical agitation and
high-speed dispersion machines followed by colloid mills and homoge-
nizers; in addition, ultrasonic emulsification driven by acoustic energy
and membrane emulsification driven by transmembrane pressure have
been explored, each offering distinct advantages in terms of product
quality and energy input [13]. Particularly, ultrasonification is good at
emulsifying heavy oil compounds, due to its high frequency sound
waves create a homogeneous emulsion of small droplets with long-term
stability [18]. The addition of a surfactant or emulsifier is also a crucial
step in blending the immiscible streams of biocrude with base fuel.
Within an emulsion, the dispersed or droplet phase (biocrude) is
enveloped by a layer of the continuous phase (base fuel). The surfactant
creates a thin interfacial film between the two liquids and effectively
minimizing the contact, coalescence, and aggregation of the dispersed
phase [19,20].

Results from previous emulsification studies of food waste biocrude
have shown that emulsions possess improved fuel properties, including
higher heating value, and reduced viscosity and acidity [18,21-23].
However, challenges persist, such as limited efficiency and miscibility
issues, resulting in only part of the biocrude oil dissolving into the base
fuel and remaining stable [24]. The solubility of food waste biocrude in
diesel was reported to be 18.74-75.67 wt% at biocrude fractions of
10-30 wt%, with the aid of surfactant Atlox 4912 [18]. Higher biocrude
solubility was achieved with the use of a co-surfactant [21]. Biocrude oil
is a complex mixture of multiple compounds with varying solubility in
the base fuels, making it challenging to achieve optimal distribution in
emulsion systems, particularly between polar and non-polar phases. Guo
et al. found that the heavy fractions of biocrude have difficulty forming
stable emulsions, the large droplet sizes making them stable for only a
few minutes, whereas light and middle fractions exhibit greater stability
of up to a month [25]. Therefore, pretreatment of biocrude becomes
crucial to enhance emulsification efficacy.

Fractional distillation has been proved to be a promising technology
for pretreating crude oil, which is primarily a physical separation pro-
cess without the addition of catalysts [26-28]. It can effectively remove
the heavier fractions and impurities from the oil, decrease the oxygen
and nitrogen content, lower the polarity of crude oil, and result in the
production of distillates with better physicochemical properties and
easier to be blended with base fuels [29-31]. Compared to crude oil,
distillates demonstrate enhanced stability, mitigating the potential
changes in elemental composition, viscosity, acidity, and molecular
weight during storage, a common concern with crude oil due to the
presence of heteroatoms and unsaturated bonds [32]. The instability of
biocrude can lead to the formation of insoluble sediments, making the
fuel unreliable and unusable. In comparison, the properties of the
distillate were not significantly affected during 16 weeks of storage,
indicating its superior stability [32]. These distinct advantages make
fractional distillation an ideal candidate for combination with emulsi-
fication to upgrade crude oil for fuel production. Nevertheless, the vast
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majority of current research has focused on biocrude emulsification,
with limited attention paid to the emulsification of distillates.

For the first time, a novel strategy coupling fractional distillation and
emulsification using ultrasonification, was applied to upgrade HTL
biocrude into renewable diesel in this study. Specifically, the effects of
emulsification temperature, reaction time, and the fraction of distillate
addition were explored, and physicochemical and thermal properties of
the emulsions were evaluated. Following the distillate emulsification,
this study extended to the emulsification of biocrude under the optimal
conditions, allowing for a comprehensive comparison of their applica-
tion potential, as well as carbon and energy recoveries. Furthermore, the
thermal and oxidation stability of both emulsions were evaluated
through accelerated aging tests. The characteristics and qualities of
distillate emulsion and biocrude emulsion were comparatively analyzed,
and the reactions and mechanisms of emulsion breaking during storage
were investigated. Information obtained here could advance our un-
derstanding of the emulsification process and pave the way for the full
exploitation of HTL biocrude as transportation fuels.

2. Materials and methods
2.1. Pilot HTL and fractional distillation of biocrude oil

Pilot scale HTL experiments were conducted using a 28.88 L
continuous plug-flow reactor [33] at an average temperature of 280 °C
and an average retention time of 60 min. The food waste feedstock was
collected from a food processing plant in Champaign, IL and its
biochemical composition is summarized in Table 1 [11]. The HTL
product was released into product collection tanks and the biocrude oil
naturally phase separated from the aqueous phase without adding any
extraction solvents. Distillation was conducted under atmospheric
pressure as described in previous study [29]: the biocrude oil was
charged into a round-bottom flash which was wrapped with glass wool
to reduce heat loss. A J-type thermocouple was inserted into the top of
the column to measure the temperature of the vapor leaving the flask
and entering the condenser. The flask was heated with a 1000 mL analog
magnetic stirrer heating mantle (BIPEE, Model number: 98-2-B-1000),
and the heating rate was set at approximately 2.5 °C/min. The
condensed product was dripped into a collection flask, and the products
distillated at 150-300 °C were collected as distillate for future use.

2.2. Emulsification setup, and storage stability tests

Building on the previous work [18], ultrasonification was employed
for emulsification as it helps to increase the solubility of distillate in

Table 1
Properties of food waste, HTL biocrude, commercial diesel, and the distribution
of HTL products.

Properties Food waste Biocrude Diesel
Protein (wt%) 2.34 £ 0.06 — —

Lipid (wt%) 65.50 + 4.31 - -

Ash (wt%) 6.12 + 0.57 - -
Carbohydrate (wt%)* 26.05 + 4.82 — —

C (wt%) 60.94 + 4.53 65.33 + 1.67 86.18 + 0.08
H (wt%) 8.27 + 0.82 10.48 +0.23 13.44 £+ 0.04
N (wt%) 0.70 + 0.13 0.70 + 0.14 0.35 + 0.03
O (Wt%)* 30.09 £ 5.21 23.49 +£1.95 0.04 £ 0.01
HHV (MJ/kg) 27.74 £ 3.11 32.59 + 1.03 45.93 + 0.01
Acidity (mg KOH/g) - 130.27 + 4.99 0.24 + 0.001
Viscosity (mmz/s) at 22 °C — 64.55 + 0.61 3.81 +£0.01
Density (g/mL) - 0.995 + 0.007 0.842 + 0.002
HTL Product Yield

Biocrude (wt%) 68.45 + 0.78

Solid (wt%) 21.82 +1.48

Aqueous (wt%) 9.73 £ 2.26

Gas (wt%) —

*Calculated by difference.
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commercial diesel and improve the stability of the emulsion. Taguchi
method was used to design the emulsification experiments of fractional
distillate and commercial diesel. Particularly, the effects of distillate
fraction, emulsification temperature, and retention time were investi-
gated with three levels for each parameter (Table 2). A Kendal Ultra-
sonic Cleaner (model HB-S-49DHT) was used to employ
ultrasonification. Atlox 4912 (Croda International, USA) was used as
surfactant, which is a polymeric, non-ionic surfactant that has a solid
form and a hydrophilic-lipophilic balance value of 6 [18]. Surfactant
fraction was 5 wt% for all groups. Commercial No.2 diesel was used as
the base fuel, which was obtained from a local gas station in Champaign,
IL.

Following the distillate emulsification, emulsification of biocrude oil
was then conducted according to the optimal condition with the distil-
lates: 45 °C, 30 min, 10 wt% biocrude fraction, 5 wt% surfactant fraction
(to be consistent with group 4). After emulsification, the mixtures were
centrifuged at 4000 rpm for 15 min to facilitate fast separation. The
resulting two layers were a dark, solid fraction of insolvable biocrude
precipitated at the bottom; and a lighter-colored liquid layer of emul-
sified biocrude in diesel, which was collected separately as the emulsion
sample. The biocrude solubility (wt%) in emulsion is calculated by

S(wt%) = (mg —my)/mg x 100%

where my is the initial mass of biocrude, mg is the final mass of the solid,
insolvable fraction after centrifugation, and mp— mys represents the
diesel-soluble fraction of biocrude in the emulsion.

The oxidation and thermal stabilities of the emulsion fuels were
determined with accelerated aging test [34]: the distillate and biocrude
emulsions were placed in small, sealed glass vials and stored at 80 °C for
5 days. The homogeneities were analyzed after the aging test to deter-
mine if phase separation had occurred.

2.3. Analytical methods

The elemental composition carbon (C), hydrogen (H), and nitrogen
(N) were measured using a CE440 element analyzer (Exeter Analytical;
North Chelmsford, MA), and sodium (Na), calcium (Ca), potassium (K),
and sulfur (S) were measured using a PerkinElmer ICP-MS (Model
NexION 350D). Oxygen (O) content was calculated by difference, and
the higher heating value (HHV) was calculated based on Dulong’s
formula

M
HHV(k—;> =0.3516 x C+1.16225 x H—0.1109 x O +0.0628 x N

The acidity (total acid number) of the samples were determined via
color-indicator titration according to ASTM D974-12 [35]. The oil
samples were dissolved in a mixture of toluene and isopropyl alcohol
containing a small amount of water, and the resulting single-phase so-
lution is titrated at room temperature with standard KOH solution. The
end point was indicated by the color change of the added p-Naph-
tholbenzein solution from orange to green-brown. The amount of KOH
added per gram oil was utilized to determine the total acid number.

Table 2

Taguchi design of the emulsification of fractional distillate.
Group Temperature (°C) Distillates fraction (wt%) Time (min)
1 30 10 10
2 30 20 30
3 30 30 50
4 45 10 30
5 45 20 50
6 45 30 10
7 60 10 50
8 60 20 10
9 60 30 30
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The kinetic viscosity of the oil samples was determined using a
Cannon-Fenske routine viscometer at 22 °C according to ASTM D446-12
[36]. The viscosity index (VI) of the aged distillate and biocrude emul-
sions was determined [15] as

VI = 2 — Ha

Ha

where i, is the viscosity at time t; (before storage test) and y,, is the
viscosity at time t, (after storage test). The lower the VI, the more stable
the fuel, and a perfectly stable fuel has a VI of 0.

Thermal properties and boiling point distribution were obtained via
thermogravimetric analysis (TGA) with a Q50 thermogravimetric
analyzer (New Castle, DE, USA). Approximately 15 mg of each sample
was tested, samples were heated from room temperature to 600 °C at a
ramp temperature of 20 °C/min under a nitrogen flow rate of 60 mL/
min. The calculated cetane index (CCI) was determined according to
ASTM D4737-21 [37]:

CCI = —399.90D+0.1113 x T390+ 0.1212 x T5o + 0.0627
x Tgo +309.33

where D is the density at 15 °C, Ty, Ts0, Tog are recovery tempera-
ture of the fuel at which a certain percentage of the fuel was volatilized.
For example, a Tq( value of 100 °C indicates that at 100 °C 10 % of the
fuel weight was volatilized.

Cold flow properties of the fuel blends were determined by differ-
ential scanning calorimetry (DSC) analysis with a DSC2500 analyzer.
Approximately 8 mg of each sample was tested, samples were first
equilibrated at 50 °C, then cooled from 50 °C to —100 °C at a cooling
rate of 10 °C/min, and lastly heated from —100 °C to 50 °C, all under a
nitrogen flow rate of 50 mL/min. The pour point and cloud point were
determined according to the cooling curve that the onset temperature of
crystallization is estimated as cloud point, and the onset temperature of
solidification is estimated as pour point.

The mass distribution was analyzed via matrix-assisted laser
desorption/ionization mass spectrometry (MALDI-MS) using a Bruker
Autoflex Speed LRF instrument (Bruker Scientific Instruments; Ger-
many) with dual microchannel plate detectors for both linear and
reflection modes. 2,5-Dihydroxybenzoic acid (DHB) was used as the
matrix reagent, and the compounds with mass range of 0-1000 Da were
detected.

Mass yield, carbon recovery, and energy recovery are calculated by

my

G
M=, Cr(%) =M x C—{),E,(%) =Mx

HHV;
HHV,

where my, Cy, HHVy are the mass, carbon content, and HHV of the bio-
crude/distillate emulsion, and mgy, Cy, HHV, are the mass, carbon con-
tent, and HHV of the initial biocrude/distillate.

3. Results and discussion
3.1. Emulsification of distillates

The elemental composition of biocrude, distillate, and the distillate
emulsion blends were tested (Table 3). Distillation significantly removed
the oxygen content in biocrude and increased the carbon content. The
high oxygen content of biocrude is a primary difference between bio-
crude with petroleum crude and the main reason for its relatively low
HHV. The oxygen content indicates the abundance of oxygenated
compounds in biocrude oil: the higher the oxygen content, the higher
the polarity of a biocrude, and therefore the lower the miscibility with
petroleum oil; and the more oxygenated the compounds, the less stable
the biocrude [28,38,39]. In addition, the H:C ratio reduced after distil-
lation, indicating the aromatic and unsaturated compounds were
concentrated into the distillate, which needs to be further treated. The
nitrogen content was also reduced in the distillate compared to
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Table 3
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Elemental composition, HHV, and physicochemical properties of the biocrude, distillate, diesel, surfactant, and distillate emulsions.

Group C (wt%) H (wt%) N (wt%) O (wt%) HHV (MJ/kg) Acidity (mg KOH/g) Viscosity (mm?/s) at 22 °C Density (g/mL)
Biocrude 65.33 + 1.67 10.48 + 0.23 0.70 + 0.14 23.49 £1.95 32.59 +1.03 130.27 + 4.99 64.55 + 0.61 0.995 + 0.007
Distillate 77.16 £ 0.50 11.73 + 0.08 0.51 +£0.01 10.62 + 0.59 39.61 +0.33 96.38 + 0.44 9.20 £ 0.07 0.888 + 0.009
Diesel 86.18 + 0.08 13.44 + 0.04 0.35 + 0.03 0.04 +0.01 45.93 + 0.01 0.24 + 0.001 3.81 +0.01 0.842 + 0.002
Surfactant 68.53 + 0.06 10.94 + 0.10 0.40 £ 0.17 20.13 £ 0.33 34.60 + 0.18 - - -

1 79.78 £ 1.34 12.38 + 0.22 0.58 +£ 0.13 7.27 +1.44 41.66 + 0.88 13.36 + 0.63 6.20 £ 0.45 0.858 + 0.002
2 81.62 + 0.76 12.65 + 0.09 0.50 + 0.03 5.24 + 0.82 42.84 + 0.46 23.51 + 0.30 6.03 + 0.43 0.860 + 0.009
3 80.08 + 1.60 12.43 +£0.18 0.48 + 0.01 7.01 +1.80 41.86 + 0.98 35.18 £ 0.53 6.77 + 0.09 0.861 + 0.001
4 82.08 £1.11 12.64 + 0.23 0.53 + 0.02 4.76 +£1.32 43.05 + 0.80 13.71 + 0.05 5.81 + 0.04 0.856 + 0.004
5 79.69 £+ 1.02 12.36 + 0.14 0.43 £ 0.01 7.52 +£1.17 41.58 + 0.65 21.74 £1.59 6.50 £ 0.14 0.861 + 0.001
6 81.58 + 0.04 12.59 + 0.02 0.49 + 0.06 5.35 + 0.01 42.75 + 0.03 32.24 +£2.12 6.90 + 0.27 0.857 + 0.001
7 80.75 + 0.18 12.54 + 0.03 0.52 + 0.09 6.20 + 0.30 42.31 +£0.13 12.47 + 1.80 5.36 + 0.42 0.854 + 0.002
8 81.87 +0.47 12.62 +£ 0.11 0.46 + 0.01 5.05 + 0.60 42.92 + 0.37 24.02 + 2.03 5.96 + 0.29 0.861 + 0.001
9 81.59 + 1.18 12.59 + 0.19 0.66 + 0.05 5.17 +1.32 42.78 + 0.78 33.83 £0.12 6.57 + 0.02 0.862 + 0.001

biocrude, which is consistent with previous findings that most of the
nitrogen-containing compounds were concentrated into the distillation
residue (biochar) [29]. Emulsification of distillates with diesel further
lowered the O:C atomic ratio, while increased the H:C ratio as well as
HHV values. These improvements make the emulsion fuel properties
closer to the commercial diesel. Detailed impacts of emulsification
temperature, retention time, and the fraction of distillates on the
elemental composition and the HHV is presented in Table 3 and Fig. 1.
Increasing temperature reduced the O:C ratio from 0.061 to 0.050, and a
30 min reaction time had the best oxygen reduction performance. Due to
the abundant short chain hydrocarbons, diesel has a higher H:C ratio
than distillate, emulsification with diesel could help dilute the unsatu-
rated compounds in distillate and increase the hydrogen content of the

emulsion. The nitrogen content in distillate is relatively low, and the
changes in N:C ratio is less distinct after emulsification, the lowest N:C
ratio was achieved with a reaction temperature of 45 °C. The reduce in
oxygen content and increase in carbon content after emulsification led
to the increase in the HHV of the emulsion blends. The HHV is most
sensitive to the emulsification time, specifically, a temperature of 60 °C
and reaction time of 30 min resulted in the highest HHV.

In addition to the elemental composition, physicochemical proper-
ties were also improved after distillation, leading to the distillate with a
lower acidity, viscosity, and density, which is consistent with previous
reports [40,41]. The high acidity of the biocrude was due to the abun-
dant fatty acid derivatives, making it unsuitable to be directly used as
fuel. Distillation reduced the acidity of biocrude from 130.27 to 96.38
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mg KOH/g. The viscosity was also significantly reduced from 64.55 to
9.20 mm?/s after distillation, which could be explained by the changes
in intermolecular forces of the distillate composition and the changes in
the concentration and length of aliphatic compounds [29]. The decrease
in density of biocrude after distillation could be attributed to the
decreased water content. Furthermore, the changes in the physico-
chemical properties during distillate emulsification was monitored
(Table 3, Fig. 1). Mixing with diesel brought more low molecular weight
compounds, therefore lowered the acidity, viscosity, and density of all
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emulsion samples. Specifically, the acidity of the emulsion fuel was most
sensitive to the distillate fraction, while was relatively stable with
different emulsification temperature and reaction time. As for the vis-
cosity, a reaction temperature of 60 °C and retention time of 30 min led
to the lowest viscosity. To have better fuel properties, the fuel blends
should have as high HHV, and as low acidity and viscosity as possible,
thus, ultrasonic emulsification reaction at 45 °C, 30 min, with 10 wt%
distillate fraction (group 4) was selected as the optimal condition.

B
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Fig. 2. N:C, O:C ratios, and HHV (A); acidity and viscosity (B); thermal properties (C and D), weight distribution of compounds (E), and cold flow properties (F) of

diesel, biocrude, distillate, biocrude emulsion, and distillate emulsion.
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3.2. Comparison of distillate and biocrude emulsification for renewable
diesel production

To further evaluate the emulsification performances, emulsification
of biocrude with diesel was conducted under the optimal conditions (e.
g., 45 °C, 30 min, 10 wt% biocrude fraction, consistent with group 4).
The miscibility of distillate was good in all experimental groups that 100
wt% of the distillate were dissolved into the diesel blends during
emulsification. However, only part of the biocrude was dissolved into
the diesel, and the solubility of biocrude into the fuel blends is 34.80 wt
%. Elemental composition and physicochemical properties of the bio-
crude emulsion were determined (Fig. 2A, 2B, Table 4). Compared to the
distillate emulsion, biocrude emulsion has higher oxygen and nitrogen
content, lower carbon content, and lower HHV value, which are
consistent with the differences between biocrude and distillate. Emul-
sification significantly reduced the acidity and viscosity of the biocrude,
the resulting emulsions of both biocrude and distillate showed compa-
rable acidity and viscosity to the diesel fuel. The sodium, calcium, po-
tassium, and sulfur contents in biocrude, distillate, and their emulsions
were also determined (Table 4). Distillation exhibited great performance
in removing metal elements from crude oil, sodium concentration was
significantly reduced from 260 to 60 ppm, and potassium content was
lowered from 60 to 40 ppm. Emulsification further diluted the concen-
tration of the metal elements, and in particular, the sulfur content was
reduced to 30 ppm, meeting the requirements for diesel grade B6-B20
S$500. High concentration of the metal elements is not favorable for
fuel blends as they could have corrosive effects on the exhaust catalysts
and after treatment systems, while sulfur can affect the behavior of
emission control systems [42].

Thermal properties and boiling point distribution of biocrude,
distillate, and their emulsions were characterized via TGA analysis
(Fig. 2C, 2D, Table 5). The results showed clear variations among the
samples. The initial boiling point of biocrude was recorded at 162.30 °C,
indicating that biocrude contained chemical compounds recalcitrant to
vaporization. It has two major weight loss peaks in the DTG curve, the
first from 200-350 °C and the second from 350-500 °C. After distillation,
the initial boiling point dramatically decreased to 47.43 °C, there was
only one major weight loss peak observed within 200-300 °C range, and
98.04 % of the compounds in distillate have the boiling point lower than
360 °C. It is worth noting that the commercial diesel is characterized by
its composition of hydrocarbons predominantly with carbon numbers in
the range of C9-C20 and boiling point of 163-357 °C [43]. The differ-
ences in boiling point distribution between biocrude and distillate
proved that distillation have effectively removed most of the heavy
fraction compounds in the biocrude, and a great portion of the distillate
fraction has fallen into the diesel range, although it is still heavier than
the commercial diesel oil used in the study. After ultrasonic emulsifi-
cation, the biocrude emulsion showed a major weight loss within
150-250 °C range and a minor peak from 350-400 °C, indicating the
majority of biocrude components dissolved into the emulsion blends
were light fractions, while most of the heavy fractions were precipitated
and separated out. As for the distillate emulsion, 68.51 % of the weight
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Table 5
Fuel properties of diesel, biocrude, distillate, biocrude emulsion, and distillate
emulsion.

Group IBP (°C) Ts(°C) Tyo Tso Too cal
* (9] (9] (9]
Diesel 56.78 98.76  115.99 174.98 214.09 20.15
Biocrude 162.30 226.44  244.05 297.55 426.11 1.37
Distillate 47.43 106.99  142.32 232.00 279.35 15.69
Biocrude 52.77 92.63 113.79 186.42 241.96 15.45
Emulsion
Distillate 61.56 109.57  128.04 189.19 235.91 18.99
Emulsion

*The initial boiling point (IBP) was assumed to be the temperature when 0.5% of
the organic matter volatilized according to the TGA results.

loss occurred at 149-232 °C, which was very similar as the commercial
diesel whose weight loss fraction was 71.29 % at the range.

The calculated cetane index (CCI) was then determined based on the
boiling point distribution. CCI value indicates the auto-ignition char-
acterized of the tested fuel: the higher the CCI (maximum 100), the
closer the tested fuel is to the reference fuel (cetane) and the better the
auto-ignition properties [29,37]. CCI value significantly increased from
1.37 to 15.69 after distillation, and emulsification further improve it to
18.99 which is comparable as that of diesel. Biocrude emulsion also
shows a relatively high CCI value, which can be explained by that only
part of the biocrude has been dissolved into the emulsion blends and are
mainly light fractions. It is also worth noted that CCI can be further
increased by adding cetane enhancers to achieve the desired cetane
number of commercial fuels, which is a common industry practice
[44-46].

Weight distribution of components in different fuel blends was
further explored with MALDI analysis (Fig. 2E). 28.15 % of the organics
in biocrude has a mass range of 100-200 Da, and 19.31 % of the com-
pounds has a mass range larger than 500 Da, the organic distribution in
biocrude is relatively uniform. Distillation removed the heavy fractions
from biocrude, and make the organic weight centered into 200-400 Da,
with the accumulation of saturated/unsaturated hydrocarbons and fatty
acids. Molecules in 200-300 Da accounted for 31.41 % of the com-
pounds in distillate, and the fraction with mass range larger than 500 Da
has been shrunken by 33.65 % from biocrude after distillation. Never-
theless, some light fractions in the biocrude were lost during the distil-
lation process. In comparison, abundant small molecules with 100-200
Da were observed in diesel, and the weight distribution within 100-400
Da is relatively uniform. Emulsification of distillate and diesel helped to
fill in this gap, make the weight distribution of emulsion blends more
uniform, and shares similar pattern as the commercial diesel. In com-
parison, the biocrude emulsion still contains a lot of heavy fractions.

The evaluation of cold flow properties is very important in assessing
fuel performances, preventing fuel gelling during cold weather condi-
tions, and ensuring proper pumpability into the engine. DSC analysis
was conducted to determine the cold flow properties of biocrude,
distillate, and their emulsions, results are depicted in Fig. 2F. The cold
flow characteristics are mainly related to the saturated and unsaturated

Table 4
Physicochemical properties, and elemental composition (particularly metal elements and sulfur contents) of biocrude, distillate, and their emulsions.
Group Acidity (mg Viscosity (mmz/ Density (g/ C (wt%) H (wt%) N (wt O (Wt%) HHV Na Ca K S
KOH/g) s)at 22 °C mL) %) (MJ/kg) (ppm) (ppm) (ppm) (ppm)
Biocrude 130.27 + 64.55 £ 0.61 0.995 + 65.33 + 10.48 & 0.70 = 23.49 + 32.59 + 260 UD 60 80
4.99 0.007 1.67 0.23 0.14 1.95 1.03
Distillate 96.38 + 0.44 9.20 + 0.07 0.888 + 77.16 + 11.73 + 0.51 + 10.62 + 39.61 + 60 UD 40 60
0.009 0.50 0.08 0.01 0.59 0.33
Biocrude 8.64 = 0.20 5.40 = 0.23 0.861 + 81.02 + 12.57 &+ 0.67 + 5.75 + 42.50 + 110 UD 40 30
Emulsion 0.004 0.90 0.08 0.01 0.99 0.52
Distillate 13.71 +£ 0.05 5.81 + 0.04 0.856 + 82.08 + 12.64 + 0.53 + 4.76 + 43.05 + 70 UD 30 30
Emulsion 0.004 1.11 0.23 0.02 1.32 0.80

UD: Under detection limit.
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fatty acid esters. To avoid poor cold weather performance, diesel must
contain a high concentration (80-90 wt%) of unsaturated long-chain
fatty acid alkyl esters [47]. Saturated esters tend to crystalize more
readily than unsaturated ones, leading to engine filter blockages and
eventual engine failure [48,49]. In Fig. 2F, the DSC curve of biocrude
reveals two distinct regions: the first exhibiting a small peak between
0 to 15 °C, which could be corresponding to freezing of saturated fatty
acids methyl esters; and the second displaying a large peak between —30
to —40 °C, which could be associated with freezing of methyl esters of
unsaturated fatty acids [50]. Distillation greatly reduced the freezing
peak at —30 to —40 °C, while the changes in the high temperature peaks
were minor, indicating that the majority of the unsaturated fatty acids
were removed. This is consistent with that the H:C ratio of heavy frac-
tions and distillate residue are lower than that of light fractions, indi-
cating the unsaturated and aromatic compounds tended to concentrate
into the heavier fractions [28]. Although the removal of unsaturated
fatty esters contributed to a lowered acidity of distillate, the presence of
saturated fatty esters still posed challenges for its utilization in fuel
blends. In terms of the diesel, there was only one tiny crystallization
region observed between —15 to —40 °C, and the cloud point and pour
point are at —16.30 °C and —26.82 °C, respectively, according to the
DSC results. The tiny freezing peak indicated the low concentration of
fatty acid esters and was consistent with the low acidity.

Comparing biocrude and its emulsion, an absence of the high tem-
perature freezing peak was observed, and the low temperature peak was
dramatically decreased, bringing the DSC curve into close alignment
with that of diesel fuel. This shift can be attributed to the low solubility
of biocrude that most of the fatty acid esters were not melted into the
emulsion. Singh et al. found that when the food waste biocrude con-
centration in commercial diesel was low (10 vol%), precipitation
occurred, whereas no precipitation was observed at higher biocrude
concentration of 20 vol% or even 50 vol% [23]. Similarly, Langauer
et al. reported that the solubility of the emulsion improved significantly
with increased amounts of biocrude [21]. In this study, the biocrude
concentration in the fuel blend is low at 10 wt% and the solubility is
34.80 wt%. With relatively high molecular weight, most of the fatty acid
esters are diesel insoluble, and were separated out after emulsification,
resulting in a cooling curve similar to that of diesel. In comparison, all
the distillates, including the esters, dissolved into the diesel, making the
cooling curve of distillate emulsion display an integrated characteristics
of both distillate and diesel, containing high and low temperature
freezing regions. Emulsification did not significantly dilute the saturated
fatty acid esters in distillate, and the cold flow property is still relatively
poor due to their high melting point. The cooling results are also
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consistent with that the acidity of distillate emulsion remained high, the
acids in fuel could lead to corrosion of the engine. Therefore, additional
research efforts are needed to explore advanced acid removal or con-
version techniques to enhance the overall quality of the distillate
emulsion and meet the standards and specification of diesel blends.

Carbon and energy recoveries of the two emulsion fuels were
calculated, as depicted in Fig. 3. During fractional distillation, 83.41 %
and 85.84 % of the carbon and energy from the biocrude flowed into the
distillate, while the heavy fractions were separated out as the form of
biochar (solid residue). The enhanced quality of the distillate improves
its miscibility with diesel, and carbon and energy recoveries of 88.72 %
and 93.29 % were achieved through emulsification with diesel. In
contrast, despite the one-step operation, the miscibility issue resulted in
the low solubility of biocrude in diesel, leading to the low carbon and
energy recoveries of 43.16 and 45.38 %, respectively. These findings
demonstrated that the combination of emulsification and distillation
could be an energy efficient and economically feasible approach.
Compared to direct emulsification, this integrated method not only
maximizes the utilization of biocrude but also improves the quality and
stability of the resulting fuel blend.

Moreover, the coupling of distillation and emulsification shows clear
superiority when contrasted with other typical upgrading technologies
such as hydrotreating and hydrocracking (Table 6). The yield of
hydrotreated oil is usually low, ranging from 12-28 % through cata-
lytical hydrocracking and 21-65 % by hydrotreating (hydro-
deoxygenation), with significant portions attributed to coke formation
accounting for 26-39 % and 4-26 % of the yield, respectively [51,52].
The limited yield of upgraded oil then leads to the low carbon and en-
ergy recoveries. For instance, Arun reported a 24.1 % yield of hydro-
treated oil with carbon and energy recovery of 25.82 % and 30.35 %,
respectively [53]. Similarly, Duan et al. noted a 76 % carbon recovery in
oil under catalytically hydrotreatment at 430 °C, whereas the carbon
recovery dropped to only 23 % at 530 °C [54]. In addition, hydro-
treating/hydrocracking requires stringent conditions including high
temperature and hydrogen pressure, making it economically and ener-
getically unfavorable. Energy consumption in upgrading is mainly
affected by the operating temperature, and hydrogen gas consumption
in deoxygenation and denitrogenation [55,56]. Grange et al. investi-
gated the hydrogen consumption for representative functional groups
and molecules, reporting that ketone, carboxylic acid, methoxy phenol,
4-methylphenol, 2-ethylphenol, and dibenzofuran consume 2 Hy/func-
tion, 3 Hy/function, 6 Hy/molecule, 4 Hy/molecule, 4 Hy/molecule, 8
Ha/molecule, respectively [57]. Moreover, the hydrogen consumption is
positively correlated with the degree of deoxygenation, presumably due
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Table 6
Comparison of current technologies for biocrude upgradation [12,28,51,52].
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Hydrotreating

Hydrocracking

Fractional distillation & Emulsification

Operation conditions
Chemical and catalyst

300-400 °C, low pressure
H,/CO; CoMo, Pd/C, Ru/Al,0; etc.

Energy consumption Medium High
Oil yield (wt%) 21-65 12-28
Pros. 1. Efficient removal of heteroatoms

2. Generation of large quantities of light products
Cons.

350-500 °C, up to 2000 psi
H,/CO; zeolite etc.

1. Low product selectivity (undesirable coke and gas production instead of oil)

<300 °C, ambient pressure

N/A

Low

60-80

1. Simple process without chemical reactions
2. Maximize the utilization of bio-oil

3. Energy efficient

1. Heteroatom content remains high

2. High costs associated with catalysts and hydrogen usage; short catalyst lifetime

to the different reactivity of biocrude compounds that highly reactive
compounds like ketones can be easily converted with low hydrogen
consumption [51,58]. Compared to hydrotreating and hydrocracking,
distillation-emulsification can be operated under mild reaction condi-
tions without the aid of hydrogen gas, it is simpler to operate, cost-
effective, and more sustainable from an energy perspective.

3.3. Oxidation and thermal stability of distillate and biocrude emulsions

Oxidative and storage stabilities are important parameters in eval-
uating fuels, as instability affects the proper use of fuels [59,60]. The
formation of sediments is a serious instability problem during storage
and the sediment content in diesel has a maximum limit of 0.05 vol%
according to the fuel quality standard [42]. In this study, the oxidation
and thermal stabilities of the emulsion fuels were assessed through an
accelerated aging test. Both biocrude and distillate emulsions underwent
storage at 80 °C for 5 days, which was equivalent to a 1-year storage at
room temperature [34]. During the aging test, sedimentation occurred
at the bottom of the biocrude emulsion tube, and the aged emulsion had
a lighter color than the original one (Fig. 4A). Specifically, an average of
14.37 wt% of the biocrude emulsion has separated out. The phase sep-
aration can be attributed to that part of the high molecular weight
compounds precipitated during the storage due to their immiscibility
properties in diesel, leading to the instability of the heavy fraction [61].
In contrast, there was no visible sedimentation observed in the distillate
emulsion.
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The physiochemical properties of the emulsion fuels were monitored
during storage (Fig. 4B). The change in viscosity serves as a significant
indicator of fuel stability. Over the storage period, both biocrude and
distillate emulsions experienced an increase in viscosity. Calculating the
viscosity index using values before and after the storage tests revealed
that the distillate emulsion exhibited a lower viscosity index (0.196)
than the biocrude emulsion (0.609), indicating its superior stability for
long term storage. Acidity changes were also monitored, revealing a
decrease in acidity for the distillate emulsion. This decrease should be
associated with the polymerization and esterification of the fatty acids
during storage. In contrast, the acidity of biocrude emulsion increased, it
can be explained by that the esters were oxidized to form peroxides,
which was then converted to acids; fatty acids can also be produced from
the hydrolysis of fatty acids methyl esters, leading to the increased
acidity [62]. Moreover, an increased fraction of heavy compounds with
a boiling point higher than 343 °C (primarily lubricating oils, fuel oils,
and residue) was observed in biocrude emulsion, due to the polymeri-
zation reactions during storage. While the boiling point distribution of
distillate emulsion did not present significant changes (Fig. 4C).

The fatty acid composition of the ester molecule is the most impor-
tant factor influencing the properties of emulsion fuels during long term
storage, and the unsaturation in the molecule accounts for instability.
Unsaturated esters are significantly more reactive to oxidation than the
saturated ones, and for long chain fatty acid methyl esters (Cyg), poly-
unsaturated esters are twice as reactive to oxidation as monounsaturated
ones [47]. The mechanism for the oxidation of unsaturated esters is

100 200 300 400 500 600
Temperature (°C)

Fig. 4. Biocrude and distillate emulsions before and after the aging test (A), changes in their physicochemical properties (B), and boiling point distributions (C).
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presented in Fig. 5A. The oxidation commonly starts at the allylic po-
sitions to double bonds (circled in red in the figure), thus the position
and number of the allylic and bis-allylic methylene moieties adjacent to
the double bond determines the rate of oxidation. Auto-oxidation is a
major source of oxidation, which is a radical chain reaction, resulting in
the formation of peroxides and hydroperoxides. The hydroperoxides
formed are rather unstable, they can undergo several different second-
ary reactions, leading to a wide range of products. One most important
reaction is f-cleavage, leading to the formation of several decomposition
products including aldehydes, ketones, and acids. These compounds can
further go through dimerization and polymerization to form higher
molecular weight compounds [63]. Another possible reaction of hy-
droperoxides is epoxidation, resulting in the formation of epoxides,
which would then go through cleavage and polymerization to generate
higher molecular compounds [64,65]. By removing the unsaturated
fatty acids esters from biocrude, distillation significantly enhanced the
oxidation resistance and stability of the oil. In addition, metal elements
have been reported to act as catalysts for polymerization [66], while
nitrogen-containing compounds are prone to forming high molecular
weight complex chemicals through condensation, negatively impacting
stability during long-term storage [67]. The reduction of metal and ni-
trogen contents via distillation contributed to the enhanced stability,
preventing property and phase changes in the fuel.

At the macro level, the stability of emulsions depends on two
competing processes: the migration of the surfactant at the droplets
interface (stabilizing process), and the droplets coalescence (destabili-
zation process). The mechanisms of emulsion breaking would go
through several consecutive and parallel steps, including creaming/
sedimentation, Ostwald ripening, flocculation, coalescence, and finally
reached the phase separation [15]. As shown in Fig. 5B, droplets in the
stable emulsion became aggregated to each other if the repulsion po-
tential was too weak, leading to the flocculation; two single droplets
were separated by a thin film, the thickness of the thin film was
decreasing due to the Van der Waals attraction, and when the size of the
film reached a critical value, the film ruptured and the two droplets
merged into one, which is known as coalescence; meanwhile the drop-
lets rose to the top or sank to the bottom due to the differences in density
of the dispersed (biocrude oil or distillate) and continuous phase
(diesel), resulting in creaming or sedimentation; the flocculation and
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coalescence process led to larger and larger droplets until a phase sep-
aration has occurred [15]. In this study, the differences in chemical
composition between biocrude and diesel are much greater than those
between distillate and diesel. 97.82 % of the components in distillate are
light fraction with boiling point lower than 343 °C (mainly gasoline,
kerosene, diesel), which is very similar to that of diesel (99.64 %). Ac-
cording to the theory of solubility based on chemical polarity, these low
molecular weight light fractions can be easily dissolved into the diesel,
and these diesel-soluble fraction can be relatively stable in the emulsion
system during storage. However, that light fraction only accounted for
63.19 % of the biocrude composition, with the remaining 36.81 % being
high molecular weight compounds that are diesel insoluble. These heavy
fractions were connected to the hydrophobic group of the surfactant
through the hydrogen bond and van der Waals force to make part of
them dissolve in the fuel blends. However, they were less stable during
storage, and could progressively separate through the flocculation and
coalescence process, and eventually achieving phase separation [61,68].
Emulsion fuel is a system with stable kinetics but unstable thermo-
dynamics, the aging test demonstrated that the distillate emulsion ex-
hibits superior thermal and oxidation stability compared to the biocrude
emulsion. In further applications, distillation should be considered as an
essential step before emulsification to purify the fuel blends, removing
undesirable compounds and enhancing the homogeneity of the fuel.

4. Conclusions

This study systematically evaluated the integration of fractional
distillation and emulsification for upgrading HTL biocrude to produce
renewable diesel blends. The effects of ultrasonic emulsification tem-
perature, time, and distillate fraction were initially investigated with
distillates and commercial diesel. Results showed that optimal emulsi-
fication occurred at 45 °C, 30 min, and a 10 wt% distillate fraction,
resulting in superior performance with higher HHV, and reduced acidity
and viscosity. Under the optimal condition, emulsification of biocrude
was then conducted to provide a comparative analysis. The results
demonstrated several advantages of the distillate emulsion over bio-
crude emulsion, including higher HHV, lower concentration of metal
elements, improved carbon/energy recovery, and a greater fraction of
low molecular weight light fractions. Monitoring the oxidation and
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thermal stability of both emulsions highlighted a significant challenge in
biocrude emulsion stability, with an average of 14.37 wt% experiencing
phase separation. While no sedimentation was observed in distillate
emulsion. The findings from this study revealed the pivotal role of
distillation as an essential step before emulsification process. Distillation
greatly enhanced the stability of biocrude and prevented solubility and
precipitation issues, resulting in fuel blends with comparable chemical
(HHV, molecular weight), physical (viscosity, density), and thermal
(boiling point distribution, CCI) properties to the commercial No.2
diesel. The coupling of fractional distillation and emulsification open
new routes for the utilization of HTL biocrude in the production of
renewable diesel, illustrating its potential as a viable and sustainable
alternative to conventional petroleum diesel fuels.
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