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This study investigates the fuel properties of ethanol-butanol-gasoline emulsions prepared with
varying ethanol concentrations (80, 90, and 96%) to develop stable and efficient alternative fuels.
Key parameters evaluated include the research octane number (RON), Reid vapor pressure (RVP),
fuel density, specific gravity (SG), distillation characteristics, and copper strip corrosion resistance,
with an emphasis on stability and performance at temperatures between 15 and 30 °C. The results
indicate that these fuel blends exhibit high octane ratings, with RON values ranging from 91.8
to 94.1, demonstrating strong anti-knock characteristics suitable for high-performance engines.
The RVP increases from 41 to 50 kPa as ethanol content rises, supporting stability under diverse
environmental conditions. Fuel density decreases from 0.798 to 0.759 g cm™, while SG ranges
from 0.770 to 0.715, reflecting the influence of ethanol content on fuel mass and volume. Copper
strip corrosion tests conducted in accordance with American Society for Testing and Materials,
ASTM D130 standards confirmed that all blends are non-corrosive, achieving a “Class 1” corrosion
rating and ensuring compatibility with engines containing copper or other metallic components.
Distillation tests revealed initial boiling points (IBP) between 41 and 45 °C and final boiling
points (FBP) from 122 to 177 °C. Overall, these findings suggest that ethanol-butanol-gasoline
emulsions offer notable benefits for enhancing engine performance, reducing emissions, and
improving fuel stability.
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Introduction

The growing demand for sustainable and renewable
energy sources has intensified research on alternative fuels,
as fossil fuel reserves decline and environmental concerns
associated with petroleum-based fuels continue to rise.!?
Developing biofuels is therefore essential to mitigate
environmental impacts while ensuring an adequate energy
supply for increasing global demand.?

*e-mail: hannysangian @yahoo.co.id
Editor handled this article: Adriana Nunes Correia (Associate)

Ethanol and butanol are among the most promising
biofuels for blending with gasoline.* Ethanol, widely
produced from biomass such as corn and sugarcane, has
been used for decades as a fuel additive due to its high
octane rating and improved combustion efficiency.>®
However, its hygroscopic nature and lower energy content
compared with gasoline present challenges for fuel
stability and overall efficiency.” Butanol, also derived from
renewable biomass, offers complementary advantages,
including higher energy density, lower vapor pressure, and
reduced hygroscopicity, resulting in better compatibility
and stability in gasoline blends.®!° Combining ethanol and
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butanol with gasoline, therefore, enables the benefits of
each biofuel while mitigating their individual limitations."!

Recent studies'*!* have focused on the development
of stable aqueous ethanol-butanol-gasoline emulsions,
motivated by the need to manage water contamination
issues common in ethanol-based fuels. Several fuel
properties are critical for evaluating these emulsions,
including research octane number (RON),'* Reid vapor
pressure (RVP),'5 density, specific gravity, distillation
profile, and corrosion resistance.'®!” Ethanol and butanol
blending can significantly affect octane performance,'®"”
volatility behavior,® mixture formation,?'>> and combustion
uniformity.?® Corrosion resistance also remains an
important factor, particularly because ethanol may induce
corrosion in certain engine components; however, ethanol-
butanol-gasoline blends have demonstrated excellent anti-
corrosive properties.**?

Stable aqueous emulsions of ethanol-gasoline and
butanol-gasoline represent a promising advancement in
biofuel technology.’*?® These emulsions may improve
tolerance to water and enhance overall fuel stability.
Continued research aims to optimize fuel specifications and
performance across a broad range of operating conditions.
As global initiatives to reduce carbon emissions expand,
ethanol-butanol-gasoline emulsions offer a pathway toward
cleaner and more sustainable fuel options. Nevertheless,
further refinement and evaluation are needed to ensure
compatibility with existing engine technologies.

Previous studies” underscore the potential of ethanol-
butanol-gasoline emulsions to enhance fuel stability,
combustion efficiency, and emissions performance. A
detailed understanding of their key physicochemical
properties is essential to support future development and
broader application of these alternative fuel systems.

Experimental

Ethanol was produced from the fermentation of
Arenga pinnata sap and purified by reflux distillation.?
Three ethanol concentrations (80, 90, and 96%) were
prepared. Butanol (Merck KGaA, Darmstadt, Germany,
99.8% purity < 0.2% water) was used as received and
blended with ethanol and gasoline. The gasoline (RON 90)
was supplied by PERTAMINA and complied with national
commercial fuel specifications, featuring low sulfur
content, controlled aromatic hydrocarbon levels, and no
intentionally added oxygenated components.

Volumetric blend compositions were selected
following a previously reported methodology that
optimized low-temperature phase stability of aqueous
emulsions.*® Phase stability was evaluated through visual
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inspection, thermal cycling, and time-based separation
tests. After preparing blends at predetermined volumetric
ratios, each emulsion was magnetically stirred for 10-
15 min at room temperature to ensure homogenization,
transferred to glass vials, and stored at 25 + 2 °C. Stability
was monitored for seven days for signs of separation,
turbidity, or sedimentation.

No surfactants or emulsifiers were added; emulsification
relied solely on mechanical stirring. Despite the presence
of water in ethanol and the inherent immiscibility between
water and hydrocarbons, all blends remained single-phase
and visually stable throughout the observation period.
This stability suggests that compositional interactions-
particularly the amphiphilic character of butanol-support
emulsion formation without additional stabilizing agents.
Although previous studies®' often employ surfactants,
the present approach demonstrates a simpler formulation
strategy without concerns related to combustion residues
or additive regulations.

To simulate operational conditions, blends were
subjected to thermal cycling between 15 and 30 °C for
five days (two cycles per day). Emulsions were considered
stable if no phase separation, droplet aggregation, or
stratification was observed. Only formulations maintaining
single-phase transparency were selected for ASTM-
standard fuel property testing.

RON was measured according to ASTM D2699%? using a
Cooperative Fuel Research (CFR) engine. Each sample was
tested in triplicate, and the compression ratio was adjusted
until knock onset was detected. RON was calculated by
comparison with reference fuels. Measurements were
performed for all ethanol concentrations (80, 90, and 96%).

Vapor pressure was determined using the Reid vapor
pressure (RVP) test (ASTM D323).% Fuel samples were
placed in sealed chambers, heated to 37.8 °C (100 °F), and
the resulting internal pressure was recorded. Average RVP
values were calculated for each ethanol concentration.*

Density and specific gravity were measured using
ASTM D1298.%5 A hydrometer reading was taken at 15.6 °C
(60 °F) to determine specific gravity (SG), and density (p)
was calculated by multiplying SG by the reference density
of water at the same temperature. Triplicate measurements
were conducted for all blends.*

Copper strip corrosion testing followed ASTM D130.%7
A polished copper strip was immersed in the fuel at 50 °C
(122 °F) for three hours, removed, cleaned, and visually
compared with the ASTM corrosion standards. Corrosion
severity was assigned using the standard classification
scale.

Distillation characteristics were measured according to
ASTM D86.%4° The initial boiling point (IBP) was recorded
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at the first drop of distillate, and the final boiling point (FBP)
corresponded to 95% sample evaporation. Measurements
were carried out for all ethanol concentrations to determine
volatility profiles.

Long-term storage stability was assessed over 30 days
at 25 + 3 °C. Emulsions were visually inspected on days
0, 7, 14, and 30. No phase separation, sedimentation, or
color change was observed.

Results and Discussion

The RON values of the ethanol-butanol-gasoline
emulsions at 80, 90, and 96% ethanol are summarized in
Table 1. A clear increase from 91.8 to 94.1 was observed
as ethanol concentration rose from 80 to 96%, indicating
that higher ethanol content improves knock resistance and
enhances suitability for engines requiring higher octane
fuels.*!

At 80% ethanol, the RON was 91.8, placing the blend at
the lower end of the standard range (91-95) and indicating
moderate anti-knock performance suitable for conventional
engines. Increasing the ethanol concentration to 90%
raised the RON to 93.5, reflecting improved combustion
efficiency and greater resistance to pre-ignition, which
benefits engines operating at higher compression ratios.
The highest RON value, 94.1, was obtained at 96% ethanol,
indicating strong anti-knock capability and suitability for
higher-performance applications.*

The RON measurements showed excellent repeatability
across triplicate tests. For the 80 and 96% ethanol blends,
identical values were obtained in all three trials, resulting
in a standard deviation of + 0.0. For the 90% blend, only
slight variation was observed (93.6, 93.5, 93.6), giving a
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low standard deviation of + 0.06, well within the acceptable
limits of ASTM D2699. These small deviations likely
reflect minor fluctuations in knock detection or emulsion
uniformity. The consistently low standard deviations
confirm both the reliability of the RON testing procedure
and the phase stability of the emulsions, indicating that
the differences in RON are primarily due to ethanol
concentration rather than experimental error. Similar
repeatability was observed for other measurements,
such as density (e.g., £ 0.00012 at 80% ethanol), further
demonstrating the robustness of the methodology.

The RVP results at ethanol concentrations of 80, 90, and
96% are summarized in Table 2. The 80% ethanol blend
exhibited an average RVP of 41.6 kPa, below the standard
reference range of 45-60 kPa. Increasing the ethanol
content to 90% elevated the RVP to 46.75 kPa, within the
standard limits. At 96% ethanol, the RVP reached 50 kPa,
approaching the upper end of the reference range.

The increase in RVP with higher ethanol concentrations
reflects strong influence of ethanol on blend volatility. As
ethanol content rises, overall volatility increases, consistent
with higher vapor pressure of ethanol relative to butanol
and gasoline.** At 80% ethanol, however, the RVP falls
slightly below the standard reference range, indicating that
further formulation adjustments may be required to ensure
adequate volatility at lower ethanol levels.

For the 90 and 96% ethanol blends, the RVP values fall
within the acceptable limits, indicating sufficient volatility
to support efficient fuel evaporation and combustion across
arange of operating temperatures.* The 96% ethanol blend,
with an RVP of 50 kPa, demonstrates stable and reliable
volatility characteristics suitable for diverse environmental
conditions.

Table 1. Research octane number (RON) specifications (ASTM D2699) for ethanol-butanol-gasoline blends stabilized at 15-30 °C, prepared with ethanol

concentrations of 80, 90, and 96% (triplicate measurements)

Composition / (%, v/v)

Ethanol / %
Ethanol Butanol

Reference
Gasoline RON (standard value)

80 20.62 41.09

91.8
91.8
91.8

average = 91.8

38.29

90 26.47 24.39

93.6
93.5

49.15 91-95
93.6

average = 93.5

96 33.13 5.34

94.1
94.1
94.1

61.53

average = 94.1
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Table 2. Reid vapor pressure (RVP) specifications (ASTM D323) for aqueous ethanol-butanol-gasoline (RON 90) stable emulsions at 15-30 °C, prepared

with ethanol concentrations of 80, 90, and 96% (based on 3-4 measurements).

Composition / (%, v/v)
Ethanol / %

Reference (standard

Ethanol Butanol

RVP / kPa

Gasoline value) / kPa

80 20.62 41.09

41
42
42

38.29

average = 41.6

90 26.47 24.39

45
46
48
48

49.15 45-60

average = 46.75

96 33.13 5.34

50
50
50

average = 50

61.53

RVP measurements were conducted in triplicate
or quadruplicate to ensure accuracy and repeatability.
For the 80% ethanol blend, the values (41, 42, 42 kPa)
produced an average of 41.6 kPa with a standard deviation
of +0.58, indicating good consistency. The 90% blend
displayed slightly greater variation (45, 46, 48, 48 kPa),
resulting in an average of 46.75 kPa and a standard
deviation of +1.50, while the 96% blend showed complete
repeatability (50 kPa; +0.0). These deviations remain
within the acceptable precision limits of ASTM D323,
confirming both emulsion stability and the reproducibility
of the measurement technique. The standard deviation
of £1.50 kPa for the 90% blend represents acceptable
variability for RVP testing.

Table 3. Fuel parameters for density and specific gravity (SG) of aqueous ethanol
ethanol concentrations of 80, 90, and 96% (triplicate measurements)

Table 3 summarizes the density (p) and SG results for
the emulsions at 80, 90, and 96% ethanol. Measurements
were recorded at temperatures between 15 and 30 °C. The
80% ethanol blend exhibited a density of 0.79805 g cm™ and
an SG of 0.79877. Increasing the ethanol concentration to
90% reduced the density to 0.78402 g cm™ (SG =0.78472),
while the 96% ethanol blend showed the lowest values
(p = 0.75905 g cm?; SG = 0.75973), falling within the
standard reference range of 0.715-0.770 g cm>.

The results show that increasing ethanol concentration
decreases the density and specific gravity of the ethanol-
butanol-gasoline emulsions, consistent with lower density
of ethanol relative to gasoline and butanol.* The 80%
ethanol blend exhibited the highest density and SG, while

-butanol-gasoline (RON 90) stable emulsions at 15-30 °C, prepared with

Ethanol / % Composition / % Density (p) / Specific gravity (SG) Reference
(4
Ethanol Butanol Gasoline (g em™) 60/60 (standard value)
0.79801 0.79873
0.79796 0.79868
80 20.62 41.09 38.29
0.79819 0.79891
average = 0.79805 0.79877
0.78317 0.78387
0.78434 0.78504
90 26.47 24.39 49.15 0.715-0.770
0.78456 0.78527
average = 0.78402 0.78472
0.75151 0.75583
0.76542 0.76521
96 33.13 5.34 61.53
0.75747 0.75815
average = 0.75905 0.75973
4of 11 J. Braz. Chem. Soc. 2026, 37, e-20260026
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the 90 and 96% blends showed progressively lower values,
approaching the mid and lower bounds of the reference
standard range.

Lower density may promote a more uniform air-fuel
mixture and enhance combustion efficiency; however, it
also corresponds to reduced energy density, which can
decrease mileage or energy output.* Understanding this
relationship is essential for evaluating blend performance,
as the inherently lower energy content of ethanol introduces
a trade-off between improved combustion characteristics
and overall energy efficiency.*

At 80% ethanol, the blend remains closer in density
to gasoline and therefore offers higher energy content,
though it may be more susceptible to instability due to
the hygroscopic nature of ethanol. The 90% ethanol blend
represents a balance between stability and energy content,
providing good combustion performance while maintaining
reasonable efficiency. At 96% ethanol, the density is the
lowest, which may reduce fuel economy but offers optimal
combustion behavior for engines designed to operate with
high-ethanol mixtures.*” Overall, the results indicate that
ethanol-butanol-gasoline blends can be tailored to meet
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specific engine requirements, though increasing ethanol
content may negatively impact energy density and fuel
economy in engines originally designed for gasoline.*®

Density and SG were measured in triplicate to assess
repeatability. The 80% ethanol blend demonstrated
excellent consistency, with density and SG standard
deviations of + 0.00012. The 90% blend also showed tight
clustering (density + 0.00072; SG + 0.00070), confirming
stable formulation. The 96% blend exhibited slightly
higher variability (density + 0.00700; SG £ 0.00430), likely
due to reduced butanol content affecting homogeneity.
Nonetheless, all measurements remained within acceptable
limits, confirming the stability of the emulsions and the
reliability of the physical property data.

Table 4 summarizes the copper strip corrosion test
(ASTM D130) results. All blends achieved a class 1 rating,
indicating minimal corrosivity and full compliance with the
standard specification.

The copper strip corrosion test (ASTM D130) showed
that all ethanol-butanol-gasoline blends, regardless of
ethanol content (80, 90, or 96%), produced a class 1
rating, indicating no significant corrosive effects on copper

Table 4. Copper strip corrosion specifications (ASTM D130) for aqueous ethanol-butanol-gasoline (RON 90) stable emulsions at 15-30 °C, prepared with

ethanol concentrations of 80, 90, and 96%, compared against stainless steel

Composition / %

Ethanol / % Copper strip Standard specs
Ethanol Butanol Gasoline
ﬁ'ﬂ, ASTM COPPERA ssy;ilg:ﬁgﬁ%ﬂ% STANDARDS th
80 20.62 41.09 class 1
@hASVM COW‘SSIE%%SJ S‘IAMLEDSGHH

90 26.47 24.39 class 1

96 33.13 5.34 class 1

J. Braz. Chem. Soc. 2026, 37, e-20260026 Sof 11
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components. A class 1 classification reflects the highest
level of corrosion resistance and confirms that these blends
are safe for use in engines containing copper or other
metallic parts. This result is noteworthy given the known
tendency of ethanol to promote corrosion in fuel systems;
the presence of butanol in the mixture may contribute to
mitigating these effects by enhancing overall blend stability.

The distillation characteristics of the blends were
analyzed at ethanol concentrations of 80, 90, and 96%.
Key parameters-including the initial boiling point (IBP),
final boiling point (FBP), total recovery, and distillation
losses-are summarized in Table 5.4

For the 80% ethanol blend, the IBP was 45 °C and
the FBP was 122 °C, with a total recovery of 969 mL and
losses of 1.3 mL, indicating moderate volatility comparable
to standard gasoline. At 90% ethanol, the IBP decreased
to 41 °C and the FBP increased to 165 °C, with a total
recovery of 965 mL and higher losses of 2.8 mL, reflecting
increased volatility associated with the higher ethanol
content. The 96% ethanol blend maintained an IBP of
41 °C but exhibited the highest FBP (177 °C) and markedly
lower total recovery (95 mL), with losses of 3.1 mL,
demonstrating the broadest distillation range and most
aggressive evaporation behavior. The influence of ethanol
on boiling characteristics and evaporative losses aligns
with its higher volatility relative to butanol and gasoline.*
The elevated IBP observed for the 80% blend suggests a
stabilizing contribution from butanol, which moderates
initial evaporation and delays the onset of boiling.’'

Fuel Specifications of Aqueous Ethanol-Butanol-Gasoline in Stable Emulsion

The FBP values for the 90 and 96% blends show a
clear upward trend with increasing ethanol concentration,
resulting in wider distillation ranges characteristic of more
volatile emulsions. The high FBP of the 96% blend (177 °C)
suggests prolonged evaporation, which may hinder complete
vaporization under certain engine conditions. Higher
distillation losses in the 90 and 96% blends further highlight
the strong volatility of ethanol, potentially affecting fuel
efficiency due to increased evaporative loss. In contrast, the
smaller losses in the 80% blend indicate more controlled
evaporation and better stability during distillation.

The increase in RON with higher ethanol content is
primarily linked to the chemical structure of ethanol. Its
high oxygen content promotes more complete combustion
and reduces carbon deposits, enhancing knock resistance.”
Additionally, the ability of ethanol to form hydrogen bonds
increases the energy required for ignition, further elevating
RON.* Although butanol is less volatile, its higher energy
density contributes to blend stability and compensates for
the lower energy content of ethanol, resulting in a more
balanced fuel mixture.’ The improved RON across the
blends supports their effectiveness in reducing engine
knocking, particularly in modern engines designed for high
compression ratios.> Nevertheless, the trade-offs associated
with high ethanol content-such as increased volatility
and hygroscopic tendency of ethanol-must be carefully
managed to ensure performance reliability.”

The RVP data reinforce these trade-offs. While high
ethanol concentrations enhance cold-start performance due

Table 5. Distillation specifications (ASTM D86) for blended fuels of aqueous ethanol-butanol-gasoline (RON 90) stable emulsions prepared with ethanol

concentrations of 80, 90, and 96%

Ethanol / % Composition / % Volume / Temperature / °C Residue / Recovery / mL Losses /
Ethanol Butanol Gasoline mL mL mL
IBP 45
10 58
80 20.62 41.09 38.29 50 88 1.8 96.9 1.3
90 117
FBP 122
IBP 41
10 52
90 26.47 24.39 49.15 50 75 1.7 96.5 2.8
90 119
FBP 165
IBP 41
10 50
96 33.13 5.34 61.53 50 65 1.9 95 3.1
90 133
FBP 177

IBP: initial boiling point; FBP: final boiling point.
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to rapid vaporization, they also heighten the risk of vapor
lock in warm climates.” The relatively low RVP of the 80%
blend suggests that butanol moderates volatility, improving
emulsion stability. Achieving an optimal ethanol-butanol
ratio is therefore crucial for maintaining appropriate vapor
pressure across temperature conditions.

Overall, ethanol-butanol-gasoline emulsions can meet
performance standards when properly formulated, with
the 90 and 96% blends showing strong volatility control
and stability across operational conditions. The 80% blend
may require optimization-such as adjusting alcohol ratios
or adding stabilizers-to maintain suitable RVP values.
These emulsions thus present a promising alternative to
conventional gasoline, offering adaptability across engine
types and environmental conditions.>

At 80% ethanol, the blend provides a favorable balance
between fuel density and energy output for conventional
engines, though attention to hygroscopic nature of ethanol
remains necessary. The 90 and 96% blends are better suited
for engines optimized for high-ethanol fuels, leveraging
the higher octane of ethanol rating and cleaner combustion
characteristics.’® Corrosion results further confirm that all
blends are safe for use in standard fuel systems. Butanol
likely plays a stabilizing role by mitigating the corrosive
tendencies of ethanol, resulting in class 1 ratings across all
concentrations. These outcomes indicate high compatibility
with copper-containing components and metal fuel-system
parts.

Accordingly, these emulsions can be used directly
in conventional and modified gasoline engines without
significant risk of corrosion, while engines designed for
higher ethanol operation may benefit from improved
emissions and combustion efficiency. Copper strip
ASTM D130 results confirm no significant corrosion
risk, reinforcing the potential of these blends as viable
alternatives to conventional fuels.*

Sangian et al.

The distillation data further highlight the relationship
between ethanol concentration, volatility, and fuel behavior.
Higher ethanol levels produce more volatile mixtures,
improving cold-start capability but raising concerns
about efficiency losses and incomplete combustion if not
properly managed. Lower ethanol blends (80%) offer more
controlled distillation and reduced losses, aligning better
with the requirements of standard internal combustion
engines.®

The benchmark RON and RVP standards adopted in this
study are based on Indonesian fuel specifications (Peraturan
Dirjen Migas No. 3674 K/24/DJM.S/2016),%' which require
RON values of 90-95 and RVP values of 45-60 kPa, with
copper strip corrosion meeting class 1 criteria.

Fuel property trends in Table 6 show that increasing
ethanol from Et80 to Et96 raises RON from 91.8 to
94.1, consistent with the role of ethanol as a high-octane
oxygenate.®” These values are comparable to E20 fuels and
fall within Indonesian regulatory limits. RVP rises from
41.6 to 50.0 kPa across the blends, remaining within the
45-60 kPa standard and demonstrating stability enhanced
by the lower volatility of butanol.®* Density and SG decline
with higher ethanol content, consistent with known alcohol
properties.®* All blends achieve class 1 copper corrosion
ratings, indicating excellent material compatibility.®

Overall, the Et90 blend offers the most balanced
performance-high RON, moderate RVP, good stability, and
excellent corrosion resistance. Compared with conventional
E1-E20 fuels, these emulsions deliver competitive or
superior performance while incorporating water without
compromising stability, highlighting strong potential for
flexible-fuel vehicles and distributed energy systems.

Although no external emulsifiers or surfactants were
used in formulating the aqueous ethanol-butanol-gasoline
blends, the emulsions exhibited strong phase stability over
time. This stability arises from the intrinsic amphiphilic

Table 6. Comparison of ethanol-butanol-gasoline emulsions with commercial blends and literature-reported formulations

Composition

Density (15 °C)  Copper strip

Blend type Ethanol Butanol Gasoline RON RVP / kPa /(g cm?) corrosion Reference
(volume)/ %  (volume)/ %  (volume)/ %
E10 10 0 90 92.5 57 0.753 class 1 66
E20 20 0 80 94.3 60 0.749 class 1 67
E85 85 0 15 100+ 80+ 0.745 corrosive 60
Bul6 0 16 84 99.5 38 0.780 class 1 67
Bu20 0 20 80 100.2 36 0.790 class 1 67
This study (Et.80%) 20.6 41.1 38.3 91.8 41.6 0.798 class 1 -
This study (Et.90%) 26.5 24.4 49.1 93.5 46.8 0.784 class 1 -
This study (Et.96%) 33.1 53 61.5 94.1 50.0 0.759 class 1 -
RVP: Reid vapor pressure; RON: research octane number.
J. Braz. Chem. Soc. 2026, 37, e-20260026 7of 11
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properties of ethanol and butanol, which contain both a
polar hydroxyl (-OH) group and a nonpolar alkyl chain.®
The —OH group interacts with the aqueous ethanol-water
phase, while the hydrocarbon chain is compatible with
gasoline, allowing both alcohols to reduce interfacial
tension and act as self-emulsifying agents.®’° Butanol, with
its longer alkyl chain, enhances interaction with gasoline
and contributes additional steric stabilization, consistent
with reports identifying butanol as an effective co-surfactant
in fuel emulsions.”® These molecular interactions explain
the observed stability under both ambient storage and
thermal cycling conditions.

The increase in RON from 91.8 to 94.1 across the
80-96% ethanol blends aligns with well-established anti-
knock behavior of ethanol. Comparison with commercial
ethanol-gasoline blends shows similar trends: Turner et al.%
reported RON values of 92.5 and 94.3 for E10 and E15,
respectively, while higher-ethanol blends such as E30-E40
can exceed RON 98. Despite containing water and lacking
octane-boosting additives, our emulsions-containing only
20-33 vol% ethanol-achieve comparable octane levels.
Butanol also contributes to the octane performance.
Foong et al.’” reported RON values approaching 100 for
B15-B20 blends, indicating that even the modest butanol
content in the 96% ethanol blend (5.34%) likely provides
synergistic enhancement. Together, these findings show that
the emulsions offer competitive octane quality suitable for
high-compression engines.

Although direct emission measurements were not
performed, the environmental implications can be
inferred from fuel composition. Ethanol and butanol
are oxygenated biofuels that promote more complete
combustion, reducing CO and particulate emissions
through improved oxidation efficiency. The high oxygen
content of ethanol (ca. 35 wt.%) enhances this effect, while
lower vapor pressure of butanol helps reduce evaporative
emissions compared with high-ethanol blends such as E85.
The water present in the emulsions may further reduce
NO, emissions by lowering combustion temperatures,
consistent with literature reporting 10-30% NO, reductions
for water-containing fuels. Renewable ethanol derived
from Arenga pinnata sap also offers potential reductions
in lifecycle carbon emissions. However, higher ethanol
levels may increase aldehyde emissions-particularly
formaldehyde and acetaldehyde-highlighting the need for
further investigation.’®

With respect to volatility, the RVP values of the
emulsions ranged from 41.6 to 50.0 kPa. The 90 and
96% ethanol blends fall within the ASTM D4814 and
SNI 06-6414-2020 warm-weather range of 45-60 kPa,
indicating good suitability for tropical climates. The 80%
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blend, with an RVP of 41.6 kPa, falls slightly below this
range and may face cold-start limitations. The presence of
water, while not detrimental to stability, raises certification
challenges because conventional fuel standards require
water-free formulations to prevent phase separation and
corrosion. Although the emulsions remained stable without
surfactants, further evaluation is required for cold-climate
performance and long-term durability. Nevertheless, the
consistency of blends under ASTM testing suggests strong
potential for tropical flex-fuel applications.

All fuel property measurements adhered strictly to
ASTM standards to ensure accuracy and international
comparability. RON was measured using ASTM D2699
with a CFR engine, which rates fuel knock propensity
based on standardized knock intensity measurements, as
discussed by Hoth er al.”" RVP was determined following
ASTM D323, widely used for ethanol-blended fuels.**
Density and SG were measured using ASTM D1298, a
hydrometer method shown to be reliable for petroleum and
bio-derived fuels.” Corrosive potential was assessed using
ASTM D130, consistent with findings by previous work.”
All emulsions achieved class 1 ratings, confirming excellent
compatibility with metallic components. Distillation
characteristics were evaluated using ASTM D86, a standard
method proven effective for multi-component fuels such
as ethanol-gasoline blends.”

Together, the ASTM methods employed, provide
a rigorous and internationally recognized basis for
characterizing the emulsions. Their consistent performance
across these tests validates both the scientific integrity and
the practical relevance of the ethanol-butanol-gasoline
formulations.

Conclusions

This study evaluated the key physicochemical
properties of ethanol-butanol-gasoline emulsions at ethanol
concentrations of 80, 90, and 96%. The results show
that increasing ethanol content enhances the RON with
values ranging from 91.8 to 94.1, indicating improved
resistance to engine knocking and suitability for higher-
octane fuel applications. The RVP also increased with
ethanol concentration, reaching 50 kPa for the 96% blend,
reflecting higher volatility. While this can support improved
cold-start behavior, it may require careful handling under
warm conditions to avoid vapor lock. Density and specific
gravity decreased progressively as ethanol content rose,
consistent with the lower density of ethanol relative to
gasoline and butanol. This reduction can improve mixture
formation but may also lower overall energy density. All
blends achieved a class 1 rating in the copper strip corrosion
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test (ASTM D130), confirming their non-corrosive behavior
and compatibility with metallic fuel system components.
Distillation analysis using standard ASTM cut points
showed that higher ethanol concentrations broadened the
distillation range, with decreases in IBP and increases in
FBP. The 80% ethanol blend exhibited the most controlled
volatility profile, whereas the 96% blend demonstrated the
widest range and greatest evaporative tendency. Overall,
the results indicate that ethanol-butanol-gasoline emulsions
possess fuel properties within acceptable ranges for spark-
ignition engine use, with the 90% ethanol formulation
offering the most balanced combination of octane quality,
volatility, stability, and material compatibility.

Data Availability Statement

The data that support the findings of this study are available from

the corresponding author upon reasonable request.
Acknowledgments

This research was funded by the PNBP of Universitas Sam
Ratulangi under Contract No. 662/UN.12.27/LT/2024 and supported
by the Directorate of Research, Technology, and Community
Engagement through the DRPTM Contract No. 084/E5/PG.02.00.
PL/2024. The authors also gratefully acknowledge the Oil and Gas
Laboratory of PEM AKAMIGAS, Cepu, Blora, Central Java, for their
valuable collaboration and for providing essential facilities, which
were instrumental in conducting the experiments and obtaining the

results reported in this study.
Author Contributions

H.ES. designed the experimental methodology, supervised all
ASTM-based testing procedures, and led the overall execution and
coordination of the project. L. R. B. performed RON measurements
using the CFR engine in accordance with ASTM D2699 and assisted
in ASTM D323. G.H.T. conducted hydrometer-based measurements
of fuel density and specific gravity following ASTM D1298. G.P.
carried out distillation testing using ASTM D86, including IBP and
FBP determinations across ethanol concentrations. M.C.S. developed
and monitored emulsion formulation protocols, including ethanol-
butanol-gasoline mixing ratios and stability evaluations. H F.A.
oversaw ethanol fermentation and purification from Arenga pinnata
sap and verified concentration levels for experimental use. S.Y.A.
performed the ASTM D130 and visually assessed metal degradation.
T.S. assisted in fuel sample preparation and maintained quality control
during heating, mixing, and storage. R.A.S. provided technical
support for instrumentation calibration, particularly for pressure
and temperature control. N.M.K. managed laboratory logistics and

ensured proper handling and measurement of volatile fuel samples.

J. Braz. Chem. Soc. 2026, 37, e-20260026

Sangian et al.

A.W.: advised on blending ratios and reviewed consistency across
experimental runs and data reproducibility. B.A.S. processed and
analyzed raw experimental data, conducted error estimations, and
generated tabular and graphical outputs. T.O.R. managed project
funding logistics, ensured compliance with research ethics and

laboratory standards, and contributed to manuscript revisions.

References

1. Silva, G. C.; Moreira, M. Z.; Scofield, A. L.; Godoy, J. M. O.;
Almeida, L. F.; Wagener, A. L. R.; J. Braz. Chem. Soc. 2015,
26, 1283. [Crossref]

2. Alves, J. L. F.; da Trindade, E. O.; da Silva, J. C. G.; Mumbach,
G.D.; Alves, R. F;; Barbosa Filho, J. M.; de Athayde-Filho, P. F.;
de Sena, R. F.; J. Braz. Chem. Soc. 2020, 31, 1939. [Crossref]

3. Sousa, Z. S. B.; Henriques, C. A.; Silva, V. T.; J. Braz. Chem.
Soc. 2023, 34, 1154. [Crossref]

4. Meng, X.; Xie, F.; Li, X.; Han, L.; Duan, J.; Gong, Y.; Zhou,
Y.; Energy 2024, 300, 131385. [Crossref]

5. Louw, J.; Dogbe, E. S.; Yang, B.; Gorgens, J. F.; Renewable
Sustainable Energy Rev. 2023, 188, 113840. [Crossref]

6. Wang, C.; Janssen, A.; Prakash, A.; Cracknell, R.; Xu, H.; Fuel
2017, 196, 21. [Crossref]

7. Awad, O. I.; Zhou, B.; Chen, Z.; Kadirgama, K.; Mohammed,
M. N.; Ramasamy, D.; Heliyon 2023, 9, e22364. [Crossref]

8. Jang,Y.-S.; Malaviya, A.; Cho, C.; Lee, J.; Lee, S.Y.; Bioresour.
Technol. 2012, 123, 653. [Crossref]

9. Iliev, S.; Processes 2021, 9, 1322. [Crossref]

10. Nair, P.; Meenakshi, H. N.; Int. J. Ambient Energy 2022, 43,
4207. [Crossref]

11. Waluyo, B.; Fatimah, Y. A.; Habibi, I.; Pertiwi, E. D.; Setiyo,
M.; Marlina, E.; Fuel 2024, 361, 130667. [Crossref]

12. Tang, Q.;Ren, K ; Xie, X.; Chen, T.; Jiang, P.; Zhang, D.; Therm.
Sci. Eng. Prog. 2023, 46, 102175. [Crossref]

13. Wouters, C.; Lehrheuer, B.; Heuser, B.; Pischinger, S.; MTZ
Worldwide 2020, 81, 16. [Crossref]

14. Palani, T.; Esakkimuthu, G. S.; Dhamodaran, G.; Seetharaman;
S. Int. J. Environ. Sci. Technol. 2024, 21, 245. [Crossref]

15. Abdellatief, T. M. M.; Ershov, M. A.; Kapustin, V. M.;
Chernysheva, E. A.; Savelenko, V. D.; Makhmudova, A. E.;
Rekhletskaya, E. S.; Salameh, T.; Abdelkareem, M. A.; Int. J.
Hydrogen Energy 2024, 67, 1308. [Crossref]

16. Rodriguez-Antén, L. M.; Gutiérrez-Martin, F.; Herndndez-
Campos, M.; Energy 2019, 185, 68. [Crossref]

17. Olugbenga, A. G.; Case Stud. Chem. Environ. Eng. 2023, 7,
100358. [Crossref]

18. Yang, Z.; Boehm, R. C.; Bell, D. C.; Heyne, J. S.; Fuel 2023,
353, 129136. [Crossref]

19. Kiatkittipong, W.; Wongsakulphasatch, S.; Tintan, N.;
Laosiripojana, N.; Praserthdam, P.; Assabumrungrat, S.; Fuel
Process. Technol. 2011, 92, 1999. [Crossref]

9of 11


https://doi.org/10.5935/0103-5053.20150095
https://doi.org/10.21577/0103-5053.20200094
https://doi.org/10.21577/0103-5053.20230028
https://doi.org/10.1016/j.energy.2024.131385
https://doi.org/10.1016/j.rser.2023.113840
https://doi.org/10.1016/j.fuel.2017.01.075
https://doi.org/10.1016/j.heliyon.2023.e22364
https://doi.org/10.1016/j.biortech.2012.07.104
https://doi.org/10.3390/pr9081322
https://doi.org/10.1080/01430750.2021.1873849
https://doi.org/10.1016/j.fuel.2023.130667
https://doi.org/10.1016/j.tsep.2023.102175
https://doi.org/10.1007/s38313-019-0189-7
https://doi.org/10.1007/s13762-023-04852-6
https://doi.org/10.1016/j.ijhydene.2024.03.317
https://doi.org/10.1016/j.energy.2019.07.050
https://doi.org/10.1016/j.cscee.2023.100358
https://doi.org/10.1016/j.fuel.2023.129136
https://doi.org/10.1016/j.fuproc.2011.05.024

Sangian et al.

20.

21.
22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Poulopoulos, S. G.; Samaras, D. P.; Philippopoulos, C. J.; Atmos.
Environ. 2001, 35, 4399. [Crossref]

Elfasakhany, A.; Processes 2023, 11, 1264. [Crossref]

Guo, Z.; Yu, X.; Du, Y.; Wang, T.; Fuel 2022, 316, 123363.
[Crossref]

Guo, Z.; Yu, X.; Sang, T.; Chen, Z.; Cui, S.; Xu, M.; Yu, L.;
Fuel 2021, 284, 119037. [Crossref]

Matejovsky, L.; Vyslouzil, J.; Stas, M.; Baros, P.; Kudrnova,
M.; Macik, J.; Fuel 2024, 374, 132413. [Crossref]

Setiyo, M.; Saifudin, S.; Jamin, A. W.; Nugroho, R.; Karmiadji,
D. W.; J. Teknol. (Sci. Eng.) 2018, 80, 19. [Crossref]

Sangian, H. F.; Pasau, G.; Tamuntuan, G. H.; Tongkukut, S.
H.; As’ari, A.; Bobanto, M. D.; Pandara, D. P.; Tanauma, A.;
Ferdy, F.; Kolibu, H. S.; Suoth, V. A.; Sagai, F. S.; Wuwungan,
C.; Mosey, H. I. R.; Sangian, M. C.; Purwadi, R.; Zulnazri, Z.;
Tuhuloula, A.; Thahir, R.; Sriana, T.; Furqon, Z.; Agnesty, S. Y.;
Dianpalupidewi, T.; Nurrahman, A.; Salaki, D. T.; Widjaja, A.;
Togibasa, O.; AIP Conf. Proc. 2024, 3132, 030010. [Crossref]
Sangian, H. F; Lestari, D.; Pasau, G.; Tamuntuan, G. H.; Widjaja,
A.; Purwadi, R.; Agnesty, S. Y.; Sadjab, B.; Sangian, M. C.;
Thahir, R.; East.-Eur. J. Enterp. Technol. 2023, 4, 6. [Crossref]
El-Faroug, M. O.; Yan, F.; Luo, M.; Turkson, R. E.; Energies
2016, 9, 984. [Crossref]

Rodriguez-Bencomo, J. J.; Pérez-Correa, J. R.; Orriols, L.;
Lépez, F.; Food Bioprocess Technol. 2016, 9, 1885. [Crossref]
Sangian, H. F.; Benainoa, L. R.; Pasau, G.; Sangian, M. C.;
Aritonang, H. F.; Agnesty, S.Y.; Sriana, T.; Widjaja, A.; Sadjab,
B. A.;Rotinsulu, T. O.; Egypt. J. Chem. 2025, 68, 185. [Crossref]
Preetika, R.; Mehta, P. S.; Kaisare, N. S.; Basavaraj, M. G.;
Fuel 2019, 236, 1415. [Crossref]

Robeyn, T.; Larsson, T.; Verhelst, S.; Fuel 2024, 364, 131086.
[Crossref]

Hatzioannidis, I.; Voutsas, E. C.; Lois, E.; Tassios, D. P
J. Chem. Eng. Data 1998, 43, 386. [Crossref]

Andersen, V. F.; Anderson, J. E.; Wallington, T. J.; Mueller,
S. A.; Nielsen, O. J.; Energy Fuels 2010, 24, 3647. [Crossref]
Vasileiadis, V.; Papageorgiou, . T.; Kyriklidis, C.; Vasiliadou,
1. A.; Tsanaktsidis, C. G.; Appl. Sci. 2025, 15, 4404. [Crossref]
Alkindi, A. S.; Al-Wahaibi, Y. M.; Muggeridge, A. H.; J. Chem.
Eng. Data 2008, 53, 2793. [Crossref]

Matéjovsky, L.; Macdk, J.; Pospisil, M.; Baros, P.; Stas, M.;
Krausova, A.; Energy Fuels 2017, 31, 10880. [Crossref]
Garcia-Anton, J.; Monzd, J.; Guifidn, J. L.; Gémez, D.; Costa,
J.; Fresenius J. Anal. Chem. 1990, 337, 382. [Crossref]
Torres-Jimenez, E.; Jerman, M. S.; Gregorc, A.; Lisec, L.;
Dorado, M. P,; Kegl, B.; Fuel 2011, 90, 795. [Crossref]
Amine, M.; Barakat, Y.; Egypt. J. Petrol. 2019, 28, 371.
[Crossref]

Khuong, L. S.; Zulkifli, N. W. M.; Masjuki, H. H.; Mohamad,
E. N.; Arslan, A.; Mosarof, M. H.; Azham, A.; RSC Adv. 2016,
6, 66847. [Crossref]

10 of 11

Fuel Specifications of Aqueous Ethanol-Butanol-Gasoline in Stable Emulsion

42.
43.

44,

45.

46.

47.
48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Tuner, M.; SAE Tech. Pap. 2016, 2016-01-0882. [Crossref]
Shirazi, S. A.; Abdollahipoor, B.; Martinson, J.; Windom, B.;
Foust, T. D.; Reardon, K. E.; Fuel 2019, 252, 542. [Crossref]
Abdullah, M. N.; Yusop, A. F.; Mamat, R.; Hamidi, M. A;
Sudhakar, K.; Yusaf, T.; Energies 2023, 16, 648. [Crossref]
Golke, D.; Fagundez, J.; Salau, N.; Martins, M.; SAE Tech. Pap.
2016, 2016-36-0274. [Crossref]

Yusoff, M. N. A. M.; Zulkifli, N. W. M.; Masjuki, H. H.;
Harith, M. H.; Syahir, A. Z.; Khuong, L. S.; Zaharin, M.
S. M.; Alabdulkarem, A.; J. Cleaner Prod. 2018, 190, 483.
[Crossref]

Elfasakhany, A.; J. Cleaner Prod. 2016, 139, 1057. [Crossref]
Aleiferis, P. G.; Behringer, M. K.; Combust. Flame 2015, 162,
4533. [Crossref]

Vella, J. R.; Marshall, B. D.; Ind. Eng. Chem. Res. 2020, 59,
8361. [Crossref]

Yan, J.; Gao, S.; Zhao, W.; Lee, T. H.; Lee, C. E; Int. J. Heat
Mass Transfer 2021, 179, 121715. [Crossref]

Han, K.; Pang, B.; Zhao, C.; Ni, Z.; Qi, Z.; Energy 2019, 183,
331. [Crossref]

Song, L.; Xu, C. C.; Ye, J.; Zhang, Y.; Chen, B.; Hou, F. C.;
Sun, J.; Fuel 2024, 373, 132361. [Crossref]

Zhao, X.; Wang, Z.; Zhou, J.; Zhang, Z.; Xiao, J.; Int. J.
Hydrogen Energy 2025, 148, 149995. [Crossref]

Jin, C.; Yao, M.; Liu, H.; Lee, C.-F. F.; Ji, J.; Renewable
Sustainable Energy Rev. 2011, 15, 4080. [Crossref]
Purwanto, W.; Liu, T.-K.; Maksum, H.; Arif, A.; Setiawan,
M. Y.; Nasir, M.; J. Appl. Eng. Technol. Sci. 2024, 5, 802.
[Crossref]

Chen, P.; Toubal, M.; Carlier, J.; Harmand, S.; Nongaillard, B.;
Bigerelle, M.; Langmuir 2016, 32, 9836. [Crossref]

Jeuland, N.; Montagne, X.; Gautrot, X.; Oil Gas Sci. Technol.
2004, 59, 559. [Crossref]

Turner, J. W. G.; Lewis, A. G. J.; Akehurst, S.; Brace, C. J.;
Verhelst, S.; Vancoillie, J.; Sileghem, L.; Leach, F. C. P.;
Edwards, P. P.; Energies 2020, 13, 6390. [Crossref]
Matéjovsky, L.; Macdk, J.; Pleyer, O.; Straka, P.; Stas, M.; ACS
Omega 2019, 4, 8650. [Crossref]

Turner, D.; Xu, H.; Cracknell, R. F.; Natarajan, V.; Chen, X.;
Fuel 2011, 90, 1999. [Crossref]

Directorate General of Oil and Gas, Ministry of Energy and
Mineral Resources; Decree of the Director General of Oil and
Gas No. 0486.K/10/DJM.S/2017 on Fuel Quality Specifications
for Gasoline (RON 90); Indonesia, 2017. [Link] accessed in
February 202

Xiao, S.; Feng, H.; Wang, X.; Li, X.; Nan, Z.; Yang, C.; Combust.
Sci. Technol. 2023, 195, 530. [Crossref]

Obergruber, M.; Honig, V.; Prochézka, P.; Kucerova, V.; Kotek,
M.; Boucek, J.; Mafik, J.; Materials 2021, 14, 914. [Crossref]
Bharath, B. K.; Selvan, V. A. M.; Arabian J. Sci. Eng. 2021, 46,
7057. [Crossref]

J. Braz. Chem. Soc. 2026, 37, e-20260026


https://doi.org/10.1016/S1352-2310(01)00248-5
https://doi.org/10.3390/pr11041264
https://doi.org/10.1016/j.fuel.2022.123363
https://doi.org/10.1016/j.fuel.2020.119037
https://doi.org/10.1016/j.fuel.2024.132413
https://doi.org/10.11113/jt.v80.12324
https://doi.org/10.1063/5.0211546
https://doi.org/10.15587/1729-4061.2023.286349
https://doi.org/10.3390/en9120984
https://doi.org/10.1007/s11947-016-1776-0
https://doi.org/10.21608/ejchem.2024.295454.10358
https://doi.org/10.1016/j.fuel.2018.09.074
https://doi.org/10.1016/j.fuel.2024.131086
https://doi.org/10.1021/je970181t
https://doi.org/10.1021/ef100254w
https://doi.org/10.3390/app15084404
https://doi.org/10.1021/je8004479
https://doi.org/10.1021/acs.energyfuels.7b01682
https://doi.org/10.1007/BF00322216
https://doi.org/10.1016/j.fuel.2010.09.045
https://doi.org/10.1016/j.ejpe.2019.08.006
https://doi.org/10.1039/C6RA10003A
https://doi.org/10.4271/2016-01-0882
https://doi.org/10.1016/j.fuel.2019.04.105
https://doi.org/10.3390/en16020648
https://doi.org/10.4271/2016-36-0274
https://doi.org/10.1016/j.jclepro.2018.04.183
https://doi.org/10.1016/j.jclepro.2016.09.016
https://doi.org/10.1016/j.combustflame.2015.09.008
https://doi.org/10.1021/acs.iecr.0c00226
https://doi.org/10.1016/j.ijheatmasstransfer.2021.121715
https://doi.org/10.1016/j.energy.2019.06.068
https://doi.org/10.1016/j.fuel.2024.132361
https://doi.org/10.1016/j.ijhydene.2025.06.185
https://doi.org/10.1016/j.rser.2011.06.001
https://doi.org/10.37385/jaets.v5i2.3249
https://doi.org/10.1021/acs.langmuir.6b02564
https://doi.org/10.2516/ogst:2004040
https://doi.org/10.3390/en13236390
https://doi.org/10.1021/acsomega.8b03686
https://doi.org/10.1016/j.fuel.2010.12.025
https://jdih.esdm.go.id/dokumen/view?id=1872
https://doi.org/10.1080/00102202.2021.1966774
https://doi.org/10.3390/ma14040914
https://doi.org/10.1007/s13369-021-05408-x

Fuel Specifications of Aqueous Ethanol-Butanol-Gasoline in Stable Emulsion

65.

66.

67.

68.

69.

Jin, C.; Xu, T.; Hu, J.; Ding, C.; Geng, Z.; Li, X.; Liu, H,;
Energies 2024, 17, 2803. [Crossref]

Anderson, J. E.; DiCicco, D. M.; Ginder, J. M.; Kramer, U.;
Leone, T. G.; Raney-Pablo, H. E.; Wallington, T. J.; Fuel 2012,
97, 585. [Crossref]

Foong, T. M.; Morganti, K. J.; Brear, M. J.; da Silva, G.; Yang,
Y.; Dryer, F. L.; Fuel 2014, 115, 727. [Crossref]

Qi, W.; Deng, Q.; Du, N.; Hou, W.; J. Mol. Lig. 2023, 390,
122980. [Crossref]

Soszka, N.; Hachuta, B.; Tarnacka, M.; Kaminska, E.; Grelska,
J.; Jurkiewicz, K.; Kaminski, K.; Phys. Chem. Chem. Phys.
2021, 23, 23796. [Crossref]

J. Braz. Chem. Soc. 2026, 37, e-20260026

70.

71.
72.

73.

74.

Sangian et al.

Xia, Y.; Xing, Y.; Gui, X.; Cao, Y.; Fuel 2022, 323, 124402.
[Crossref]

Hoth, A.; Kolodziej, C. P.; Fuel 2021, 304, 120722. [Crossref]
Aleme, H. G.; Costa, L. M.; Barbeira, P. J. S.; Talanta 2009,
78, 1422. [Crossref]

Tan, L.; Huang, T.; Ma, J.; Li, J.; Song, Z.; Zhou, X.; Tang, Y.;
Yang, L.; Zeng, X.; J. Mol. Lig. 2022, 347, 117991. [Crossref]
Santos, R. N. G.; Lima, E. R. A.; Paredes, M. L. L.; Fuel 2021,
284, 118958. [Crossref]

Submitted: May 22, 2025
Final version online: February 13, 2026

11 of 11


https://doi.org/10.3390/en17122803
https://doi.org/10.1016/j.fuel.2012.03.017
https://doi.org/10.1016/j.fuel.2013.07.105
https://doi.org/10.1016/j.molliq.2023.122980
https://doi.org/10.1039/D1CP02802B
https://doi.org/10.1016/j.fuel.2022.124402
https://doi.org/10.1016/j.fuel.2021.120722
https://doi.org/10.1016/j.talanta.2009.02.042
https://doi.org/10.1016/j.molliq.2021.117991
https://doi.org/10.1016/j.fuel.2020.118958

	_Hlk180482374
	_Hlk213231331

