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Abstract: Bioglycerol is a major by-product of the biodiesel manufacturing process. Various chemical
derivatives from bioglycerol would enhance its economic value. An antifreeze of glycerine acetate
was chemically converted from an esterification reaction of bioglycerol with acetic acid. The pho-
tocatalyst TiO2/SO4

2− irradiated with ultraviolet light assisted the chemical conversion reaction.
The molar ratio of acetic acid/bioglycerol was varied to obtain the optimum composition of the
derived antifreeze product. Different cosolvents were considered to enhance the homogeneous
extent between the antifreeze of glycerine acetate and biodiesel, and thus, the anti-freezing effect.
The cosolvent/glycerine acetate, at various volumetric ratios from 0 to 0.25 vol.%, was blended
into a commercial biodiesel. After 5 vol.% antifreeze of the glycerine acetate/cosolvent mixture
of the biodiesel was added to the commercial biodiesel, the fuel properties of the biodiesel were
analyzed. The effects of the cosolvent types and the blended volumetric ratio of cosolvent to the
antifreeze of glycerine acetate on the fuel properties of the commercial biodiesel were analyzed
to determine the optimum cosolvent type and volumetric composition of the cosolvent/glycerine
acetate. The experimental results show that the antifreeze of glycerine acetate produced from the
reaction of acetic acid/glycerol at a molar ratio equal to 8 under UV-light irradiation appeared to have
the lowest freezing point. The UV-light irradiation on the TiO2/SO4

2− catalyst also caused higher
triacylglycerol (TAG) and diacylglycerol (DAG) and lower monoacylglycerol (MAG) formation. In
addition, the low-temperature fluidity was the most excellent when the volumetric percentage of the
methanol/glycerine acetate was equal to 0.25 vol.%, at which the cold filter plugging point (CFPP)
of the biodiesel was reduced from 3 ◦C for the neat biodiesel to −2 ◦C for the biodiesel blended
with the mixture. In contrast, the effect of adding the antifreeze on the CFPP of the biodiesel was
inferior; it was reduced from 3 ◦C for the neat biodiesel to 1 ◦C for the biodiesel when butanol
cosolvent was added. The increase in the volumetric ratio of cosolvent/antifreeze increased the acid
value and cetane index while it decreased the kinematic viscosity and CFPP. The heating value was
observed to increase for butanol while decreasing for methanol with the increase in the volumetric
ratio of cosolvent/antifreeze. In comparison to butanol, the cosolvent methanol caused a higher
cetane index and acid value but a lower kinematic viscosity, heating value, and CFPP of the blended
commercial biodiesel.

Keywords: fuel properties; cold filter plugging point; biodiesel; cetane index; kinematic viscosity

1. Introduction

Biodiesel is produced from the transesterification reaction of vegetable oil, animal fats,
or microalgae with straight-chained alcohols, particularly methanol, under the catalytic
effects of strong alkaline catalysts, such as sodium methoxide, sodium hydroxide, or potas-
sium hydroxide, or strong acid catalysts, like sulfuric acid or hydrochloric acid [1]. Biodiesel
is an excellent alternative to petroleum-derived diesel primarily due to its relatively low
elemental carbon, superior combustion efficiency, low toxic gas emission, biodegradabil-
ity, environmentally friendly fuel properties, etc. [2]. Glycerol, or glycerin, is a colorless,
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odorless, viscous liquid with a boiling point of 290 ◦C, a molecular weight of 92.09, and
an absolute viscosity of 1.5 Pa-s [3]. Glycerol has three hydroxyl groups responsible for its
water solubility and hygroscopic properties. Glycerol is mainly used to formulate cosmetics,
pharmaceuticals, and medications to improve their smoothness. Bioglycerol is a by-product
of biodiesel production, which contains unreacted soap, catalysts, and excess alcohol, so
the product’s value is low. The purification process for glycerol is frequently rather costly.
The purification of crude glycerin requires the removal of methanol and free fatty acids,
neutralizing, and decolorizing. Applying an organic polymer membrane, ion exchange
resin, electro-osmosis, vacuum distillation, etc., is then involved in attaining high-purity
glycerin [4]. Due to fast growth in the biodiesel manufacturing industry, the amount of
bioglycerol is increasing steadily. In 2025, crude glycerol will amount to 300 million tons,
while less than only 5 million tons of glycerol will be consumed annually for industrial pur-
poses [5]. The significant excess of bioglycerol production from the biodiesel manufacturing
process results in considerably low economic value. Bioglycerol can also be chemically
converted to produce various derivative products, such as propionic acid, glycerol carbon-
ate n-butanol, dioxane, dioxalane, hydrogen, etc., with the assistance of some adequate
catalysts [6]. The products from converted bioglycerol can be widely applied in the fuel,
food, and textile sectors, significantly increasing the entire economic value of biodiesel and
glycerol-derived products. Using competitive catalysts to synthesize high-value products
from bioglycerol is crucial for reaching this objective.

Titanium dioxide (TiO2) is a versatile compound that can be used in many ways,
especially in hydrogen production from the chemical conversion of hydrocarbons, in the
cleanup of polluted environments, and in the treatment of wastewater under the catalyzing
effects of TiO2, which acts as an efficient photocatalyst [7]. Under irradiation of ultraviolet
(UV) light, glycerol can more efficiently react with acetic acid to produce glycerine acetate.
The heterogeneous strong acid catalyst TiO2/SO4

2− is prepared by leaching TiO2 powder
of nanometer (nm) size, immersing it in dilute sulfuric acid, and then filtering, drying,
and forging it [8]. Heterogeneous strong acid catalysts frequently have the dominant
advantages of superior mechanical properties, thermal stability, and enhancing effects for
chemical reactions compared to traditional homogeneous acid catalysts [9].

One of the major disadvantages of biodiesel is its inferior fluidity in cold regions or
frigid winters, which might deteriorate drivability or even shut down the internal combus-
tion engines of vehicles. Its poor low-temperature fluidity significantly hinders biodiesel’s
wide application in the global fuel market. Blending adequate antifreeze additives into
biodiesel could improve its fluidity properties and increase its economic value [10]. More-
over, the huge amount of bioglycerol made from the biodiesel production process causes
its low monetary value. Glycerine acetate compounds are primarily composed of a mixture
of triacylglycerols (TAGs), diacylglycerols (DAGs), and monoacylglycerols (MAGs), which
are chemically converted from the esterification of glycerol with acetic acid, assisted by a
TiO2/SO4

2− photocatalyst irradiated with ultraviolet (UV) light. The exact compositions of
glycerine acetate produced through this reaction can be analyzed by gas chromatography.

The advanced development of antifreeze derived from bioglycerol could exploit its
application scope and increase the competitive extent of the entire biodiesel product chain.
Hence, a comprehensive evaluation of the production methods for glycerol-derived addi-
tives is an important step in developing promising technologies for glycerol conversion. In
addition, more studies are needed to investigate the effects of glycerol-derived additives on
the improvement of biodiesel’s fuel characteristics [11]. Most previous relevant studies only
focused on the characteristics analysis of the catalysts used for bioglycerol conversion [12].
Moreover, the effects of the addition of a promising antifreeze produced from the chemical
conversion of glycerol to liquid fuels on fuel characteristics have yet to be comprehensively
investigated to improve their properties such as the kinematic viscosity and cetane index,
and particularly, their low-temperature fluidity. In this experiment, the effects of the cosol-
vent type and the volumetric ratio of cosolvent/glycerine acetate on the fuel properties of a
blended biodiesel mixture were considered. After the antifreeze of glycerine acetate was
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produced, it was blended with methanol or butanol cosolvent to form an antifreeze additive
mixture. The antifreeze additive of glycerine acetate and biodiesel are not well miscible
with each other. An adequate cosolvent would effectively increase their contacting interface
and form a single homogeneous phase so that the antifreeze could intimately mix with the
biodiesel to expand its anti-freezing effect. Different cosolvents were considered to enhance
the homogeneous extent of the antifreeze of glycerine acetate and biodiesel. Alcohols
with various carbon chains have been used as cosolvents to improve the transesterification
of triglycerides. Methanol is the most frequently used one among the available alcohols.
Butanol and pentanol have also proven their cosolvent activity in enhancing the miscible
extents of the compounds of reactant mixtures [13,14]. In this study, methanol and butanol
were considered as cosolvents to evaluate their effects on improving the anti-freezing
property of biodiesel. The physical and chemical properties of the antifreeze additive of
glycerine acetate derived from bioglycerol have not yet been quantitively investigated.
The effects of alcohol cosolvents on improving the fuel properties of biodiesel have not
yet been thoroughly evaluated. The fuel properties of biodiesel before and after adding
various proportions of a cosolvent and antifreeze additive have not been comprehensively
analyzed and compared, particularly the significant properties of the cold filter plugging
point (CFPP) and kinematic viscosity. Hence, various volumetric proportions of the cosol-
vent and glycerine acetate were prepared. The cosolvents/glycerine acetate mixture at a
volumetric ratio of 5 vol.% of the biodiesel was then blended into a commercial biodiesel.
The properties of the freezing point, acid value, cetane index, kinematic viscosity, and the
low-temperature fuel fluidity of the biodiesel blended with the cosolvent/antifreeze of
the glycerine acetate additive were analyzed. The optimum reaction conditions for the
antifreeze additive produced from bioglycerol and the adequate volumetric ratio of the
cosolvent/glycerine acetate to improve the biodiesel properties were determined.

2. Experimental Details

A heterogeneous strong acid photocatalyst, TiO2/SO4
2−, was prepared to catalyze the

chemical conversion reaction of bioglycerol, leading to the formation of an antifreeze of
glycerine acetate. The fuel characteristics of the antifreeze were analyzed to improve the
reaction conditions for its production. An adequate amount of either methanol or butanol
cosolvent was blended with the glycerides before the mixture was added to the biodiesel to
act as an antifreeze. The fuel properties of the biodiesel after being added to the antifreeze
were analyzed afterward.

2.1. Preparing the Antifreeze from Bioglycerol

Bioglycerol, a by-product of biodiesel production processes, was used to perform an
esterification reaction with acetic acid. The physical properties of the glycerol used in this
study are shown in Table 1 [15]. A solid-state strong acid photocatalyst, TiO2/SO4

2−, was
prepared by immersing TiO2 powder in a sulfuric acid solution and then filtered, baked for
4 hrs at 100 ◦C, and forged at 450 ◦C. The basic properties of the TiO2 powder for preparing
the photocatalyst are listed in Table 2 [16]. The photocatalyst was finally ground into a
powder. The reactant mixture of bioglycerol and acetic acid was poured into a three-necked
round-bottom flask and catalyzed with the TiO2/SO4

2− photocatalyst under ultraviolet
light irradiation. The reaction time, reaction temperature, molar ratios, and photocatalyst’s
weight percentage of the glycerol were controlled to be 10 h, 120 ◦C, from 5 to 9, and 4 wt.%,
respectively. The characteristics of the esterified product of glycerine acetate under various
preparation conditions were analyzed to determine the optimum production conditions for
the product. The glycerine acetate was used as an antifreeze for biodiesel.

The esterified product of bioglycerol obtained from the above procedures was mixed
with the cosolvent and added to a commercial biodiesel made from waste cooking oil. The
antifreeze mixture of 5 vol.% of the blended biodiesel was mixed with the biodiesel to
improve its low-temperature fluidity. The fuel properties of the blended biodiesel, such as
the cold filter plugging point (CFPP) and kinematic viscosity, were analyzed to evaluate the
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effect of the antifreeze additive on the extent of fluidity enhancement of the glycerine acetate
product to develop the economic value of the glycerol by-product of biodiesel production.

Table 1. Physical properties of glycerol [15].

Physical Properties Glycerol

Chemical formula C3H8O3
Boiling point (◦C) 290
Melting point (◦C) 17.9
Density (g/cm3) 1.26

Absolute viscosity (Pa·s) 1.5
Flash point (◦C) 160

Table 2. Basic properties of TiO2 [16].

Physical Properties TiO2

Average surface area (m2/g) 124.7
Specific primary particle size (nm) 50.5

pH value in 4% dispersion 3.5–4.5
TiO2 content (%) >99.5

Al2O3 content (%) <0.3
HCL content (%) <0.3

2.2. Analysis of Fuel Characteristics of Blended Biodiesel

A volumetric moisture titrator (model DL-31, Mettler-Toledo Ltd., Greifensee, Switzer-
land) was used to measure the moisture content in the fuel sample within the range of
50 µg to 500 mg. The sample’s moisture content in units of %, ppm, and mg was calculated
automatically according to the amount of titrant consumed. An acid-value titrator (model
785DMP Titrino, Metrohm Ltd., Herisau, Switzerland) was used to measure the acid value
of the fuel sample for a pH value ±20.0 and current measurement range ±200.0 µA. The
electrode was selected based on the ion type. The standard solution was automatically
added through the burette (models 765 and 776). The electrode head was activated by soak-
ing it in deionized water for 60 s before use. The acid value of the sample was calculated
automatically by injecting the sample into the instrument based on the consumed titrant
using the built-in calculating formulas for acid values.

A manual tester of the cold filter plugging point (Hongsheng Science & Technology
Ltd., Taoyuan City, Taiwan) was accompanied by a low-temperature circulating water
tank (model B10/-40, Firstek Ltd., New Taipei City, Taiwan) to measure the cold filter
plugging point (CFPP) of the fuel sample according to the test standards of CNS15061 and
ASTM D6371. The test equipment measures CFPPs as low as −34 ± 0.5 ◦C. An elemental
analyzer (model Vario EL III, Elementar Ltd., Langenselbold, Germany) was used to analyze
the elementary compositions of the tested sample, including the chemicals, polymers,
petrochemicals, soils, rubber, river sediments, etc. The weight percentages of nitrogen,
hydrogen, carbon, oxygen, and sulfur in various non-explosive organic compounds in solid
or liquid form were determined.

The constant water bath and fuel sample temperature reached 40 ◦C before the viscos-
ity measurement, based on the ASTM D975-23 standard [17]. The kinematic viscosity of
the fuel was measured using a viscosity test tube (model K69, Cannon Ltd., Coquitlam, BC,
Canada) according to the DIN51562 formula, as shown below:

ν = k × t (1)

where k = 0.01045 mm2/s2 is the constant of the kinematic viscosity. The time lapse (t) for
the fuel sample flowing between the indicated points on the test tube was recorded. The
multiplication of k with t is the measured kinematic viscosity.



Processes 2024, 12, 419 5 of 13

The heating value of the oil was measured by an oxygen bomb calorimeter (model
6200, Parr Ltd., Moline, IL, USA). Both solid and liquid samples were calculated based
on the amount of heating energy released from the sample fuel to the water bath. A
distillation temperature analyzer (Model HAD-620, Walter Herzog Ltd., Lauda-Königshofe,
Germany) was used to measure the distribution of the distillation temperature of the fuel
sample. TIBP, T10, T50, and TEP denote the temperatures corresponding to the initial water
drop, 10 vol.%, 50 vol.%, and the last drop, respectively, of the fuel sample, which were
distilled, condensed, and collected in the beaker on the other side. The specific gravity and
distillation temperature were required to calculate the cetane index. The specific gravity
was first converted to the API specific gravity G, and the distillation temperatures TIBP and
T50 were converted from ◦C to ◦F and applied to the cetane index (CI) calculation formula,
as follows [18]:

G = 141.5/sg − 131.5 (2)

CI = 0.016G2 − 420.34 + 0.192G(logT50) + 65.01(logT50)2 − 0.0001809T50
2 (3)

where sg is the specific gravity, and T50 is the distillation temperature corresponding to
50 vol.% of the distilled and condensed fuel sample. The temperature used in Equation (3)
is expressed in degrees Fahrenheit.

3. Results and Discussion
3.1. Effect of Irradiated UV Light and Molar Ratio on Fuel Characteristics of Glycerine Acetate
3.1.1. Effect of Irradiated UV Light and Molar Ratio on Freezing Point of Glycerine Acetate

The physical properties, including the molecular weight, boiling point, flash point,
cold filter plugging point (CFPP), and specific gravity of the triacylglycerols (TAGs), diacyl-
glycerols (DAGs), and monoacylglycerols (MAGs), are compared in Table 3 [19,20]. The
TAG compound had the lowest freezing point (−78 ◦C), while the MAG had the highest
freezing point (18 ◦C). The effects of the molar ratio of acetic acid/glycerol and UV-light
irradiation on the TiO2/SO4

2− photocatalyst surface on the freezing point of glycerine
acetate is shown in Figure 1. The converted glycerine acetate under the irradiation of
UV light appeared to have a significantly lower freezing point than that without UV-light
irradiation, as shown in Figure 1. In addition, the freezing point decreased with the increase
in the acetic acid/glycerol molar ratio.
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Table 3. Physical properties of TAGs, DAGs, and MAGs [19,20].

Physical Properties Triacylglycerols
(TAGs)

Diacylglycerols
(DAGs)

Monoacylglycerols
(MAGs)

Molecular weight (g/mol) 218.78 176.17 134.13
Boiling point (◦C) 260 280 258
Flash point (◦C) 142 140 145

Freezing point (◦C) −78 −30 18
Specific gravity (at 25 ◦C) 1.158 1.187 1.21

Increasing the molar ratio and UV light irradiation accelerates the glycerol conversion
rate to form TAG, DAG, and MAG [21]. Hence, a higher molar ratio of acetic acid/glycerol
and UV-light irradiation resulted in a larger TAG and lower MAG composition. Conse-
quently, the freezing point of the glycerine acetate decreased with the increase in the molar
ratio and UV-light irradiation because of the lowest freezing point of TAG. The lowest
freezing point was observed at the molar ratio of acetic acid/glycerol equal to 8. A molar
ratio of acetic acid/glycerol higher than 8 may retard the dehydration condensation reaction
between -COOH radicals in the acetic acid molecules and OH− radicals in diacylglycerol
(DAG) to produce a reverse reaction [22], resulting in lower TAG formation, and thus, a
higher freezing point at a molar ratio of 9. Lin and Chen [23] also found that the TAG
formation decreased from the highest amount of 40.41% to 34.63% when the molar ratio
of acetic acid/glycerol increased from 8 to 9. Under UV irradiation on the solid-state
strong acid photocatalyst surface, the photocatalyst will form an electron–electron hole
pair. When the electron hole attaches to the water molecule, H+ and OH− will be generated.
Under UV-light irradiation, acetic acid is prone to receiving H+ to accelerate the conver-
sion reaction of glycerol. Therefore, the amount of glyceryl triacetate produced under
UV-light irradiation is significantly higher than that produced without UV-light irradiation,
as shown in Figure 1.

3.1.2. Effect of UV-Light Irradiation and Molar Ratio on Compositions of Glycerine Acetate

According to the above experimental results, a higher glycerol conversion rate and
higher formation of triacylglycerols existed at the molar ratio of 8. The conversion reaction
time, reaction temperature, and amount of added photocatalyst were 10 h, 120 ◦C, and
4 wt.% of glycerol, respectively. To irradiate the photocatalyst, UV light with a wavelength
of 365 nm and power of 200 mW was used. As shown in Figure 2, the difference in
the glycerol conversion rate between those with and without UV-light irradiation was
insignificant. This is probably because, after 10 h of reaction time, the conversion process
from glycerol to MAG, DAG, and TAG was almost complete. Under the UV-light irradiation
with 200 mW power, triacylglycerols and diacylglycerols formed up to 55.17% and 33.54%,
respectively, higher than those without the UV-light irradiation. However, the formation of
monoacylglycerols under the UV-light irradiation was lower than that without the light
irradiation because the UV-light irradiation facilitated the conversion from MAG to DAG
and TAG [24] in turn, leading to a lower monoacylglycerol content in Figure 2.

Glycerine acetate was formed through the esterification reaction between glycerol and
acetic acid, assisted by the irradiation of the photocatalyst by UV light with 200 mW power.
The acetic acid receives H+ and reacts with the glycerol during the reaction process. A
dehydration condensation reaction continues in the esterification process [25], leading to
water formation. Triacylglycerols are the final product of the reaction process. The UV-
light irradiation on the TiO2/SO4

2− solid-state strong acid photocatalyst surface enhanced
the esterification reaction to form an electron–electron hole pair. When the electron hole
attaches to the nearby water molecules, the oxidation process splits the water into H+ and
OH−. Under the reaction environment, UV light irradiation will stimulate an even more
significant amount of H+ [26], making the acetic acid easily accept H+ to react readily
with the glycerol, accelerating the rate of the esterification reaction. Consequently, more
triacylglycerols and diacylglycerols are produced under the photocatalytic effects.
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3.2. Analysis of Fuel Properties

In this experiment, glycerine acetate was used as an antifreeze agent to improve the
low-temperature fluidity of biodiesel fuel. Among various compounds of glycerine acetate,
triacylglycerols (TAG) have the lowest cold filter plugging point (CFPP). Therefore, the
higher the weight percentage of triacylglycerols (TAGs) in the product from the glycerol
conversion, the more superior the fluidity enhancement of the antifreeze.

Antifreeze with superior CFPP characteristics was obtained from the glycerol con-
version with acetic acid, which was assisted by UV-light irradiation on the TiO2/SO4

2−

photocatalyst surface. The esterification reaction was carried out when the conditions of
the reaction time, acetic acid/glycerol molar ratio, UV-light irradiation power, reaction
temperature, and amount of the solid-state strong-acid photocatalyst were set to 10 h,
8, 200 mW, 120 ◦C, and 4 wt.% of the reacted glycerol, respectively. The mixture of the
antifreeze product and a cosolvent of either methanol or butanol was then added to the
biodiesel. The fuel properties of the blended biodiesel are analyzed and discussed below.

3.2.1. Kinematic Viscosity

Methanol or butanol was used as a cosolvent to be added to the antifreeze of glycerine
acetate. The antifreeze and cosolvent mixture were then blended with the biodiesel at
various weight percentages. The properties of the cosolvents of methanol and butanol
and the antifreeze additive of glycerine acetate are compared in Table 4. The kinematic
viscosities of methanol, butanol, and glycerine acetate were 0.58 mm2/s, 2.20 mm2/s, and
5.15 mm2/s, respectively, as shown in Table 4. In addition, methanol was observed to have
the lowest specific gravity, flash point, and heating value among the three compounds [27].
The fuel properties of the neat biodiesel and the biodiesel with added 5 vol.% glycerine
acetate are compared in Table 5. The addition of the antifreeze of glycerine acetate to the
biodiesel was found to have slightly higher specific gravity and kinematic viscosity but
a lower heating value, acid value, and cold filter plugging point (CFPP) than the neat
biodiesel. The effects of the cosolvent, either methanol or butanol, and the volumetric ratio
of the cosolvent to the antifreeze of glycerine acetate on the fuel properties, including the
kinematic viscosity, carbon residue, acid value, cetane index, and CFPP, are illustrated in
Figures 3–7. An increase in the volumetric ratio of the cosolvent/antifreeze was observed
to decrease the kinematic viscosity in both cases of adding the methanol and butanol
cosolvents. Methanol decreased the kinematic viscosity more significantly than butanol, as
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shown in Figure 3. This is ascribed to the lower kinematic viscosity of methanol compared
to butanol, as shown in Table 4. A significant decrease in the kinematic viscosity with the
increase in the volumetric ratio of the butanol cosolvent was also found due to the most
viscous property of glycerine acetate among the three compounds, as shown in Table 4,
which reached 5.15 mm2/s.

Table 4. Physical properties of cosolvents and antifreeze of glycerine acetate [27].

Physical Properties Butanol Methanol Glycerine Acetate

Specific gravity (at 15 ◦C) 0.81 0.79 1.16
Kinematic viscosity (mm2/s, at 40 ◦C) 2.2 0.58 5.15

Flash point (◦C) 35 12 140
Heating value (MJ/kg) 34.47 13.93 17.02

Table 5. Physical properties of neat biodiesel and biodiesel blended with antifreeze.

Physical Properties Neat Biodiesel Biodiesel with 5 vol.%
Glycerine Acetate

Specific gravity (at 15 ◦C) 0.876 0.882
Kinematic viscosity (mm2/s, at 40 ◦C) 4.281 4.290

Heating value (MJ/kg) 40.81 39.62
Acid value (mg KOH/g) 0.382 0.375

CFPP (◦C) 3 2
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3.2.2. Heating Value

In this experiment, the heating value of the neat biodiesel before adding the antifreeze
was 40.81 MJ/kg, which decreased to 39.62 MJ/kg after 5 vol.% glycerine acetates and
cosolvent mixture of biodiesel was added to the biodiesel, as shown in Table 5. The heating
values of the glycerine acetate, butanol, and methanol were 17.02 MJ/kg, 34.47 MJ/kg, and
13.93 MJ/kg, respectively, as shown in Table 4. The heating value of butanol was about two
times that of glycerine acetate, while the heating value of methanol was the lowest, as shown
in Table 4. The effects of the cosolvent type and volumetric ratio of the cosolvent/glycerine
acetate on the heating value can be observed in Figure 4. The trends of the variations in the
heating value with the volumetric ratio of the cosolvent/glycerine acetate for butanol and
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methanol are different. An increase in the heating value with the increase in the volumetric
ratio of butanol to glycerine acetate was found, which is in contrast to the slight decrease in
the heating value with the increase in the volumetric ratio of methanol to glycerine acetate.
A lower heating value indicates that a more significant fuel consumption rate is required to
achieve the same power output, which is not favorable [28]. Therefore, the lower heating
value of adding the cosolvent methanol implies a decrease in the combined heating value
of the blended biodiesel with the increase in the volumetric ratio of methanol/antifreeze of
glycerine acetate. In contrast, the increase in the volumetric ratio of butanol to glycerine
acetate resulted in an increasing heating value of the blended biodiesel.
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3.2.3. Acid Value

Free fatty acid is produced from the hydrolysis reaction between fatty acid methyl
esters and water, increasing biodiesel’s acid value [29]. Water in the hydrolysis reaction
divides the reacted compound into two parts. Hydrogen atoms in water are added to
one part, while hydroxyl atoms are added to the other, forming two or more chemical
compounds [30]. It is shown in Figure 5 that the higher the volumetric ratio of cosol-
vent/glycerine acetate, the higher the acid value of the blended biodiesel. The biodiesel
blended with the cosolvent methanol was observed to have a higher acid value than that
with butanol.

The acid value of the neat biodiesel increased from 0.427 mg KOH/g, without adding
any cosolvent, to 0.810 mg KOH/g after the mixture of 0.25 vol.% methanol cosolvent
and glycerine acetate was added to the biodiesel. The acid value of the biodiesel with the
same amount of the mix of butanol cosolvent and glycerine acetate added reached a lower
acid value of 0.770 mg KOH/g. This may be because the water content in the blended
biodiesel promoted the hydrolysis reaction of either the methanol or butanol and fatty acid
methyl esters to form free fatty acids. The hydrolysis reaction then caused an increase
in the acid value. The rise in either methanol or butanol or, equivalently, the growth of
the volumetric ratio of the cosolvent to glycerine acetate, facilitated the formation of free
fatty acids, leading to an increase in the acid value of the blended biodiesel. Methanol is
more prone to accelerate the hydrolysis reaction than butanol due to its relatively more
straightforward structure of hydroxyl atoms [31], leading to an obviously higher acid value
for the volumetric ratio of methanol/glycerine acetate from 0 to 0.25 vol.%.
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3.2.4. Cetane Index

The cetane index is calculated based on the API gravity and the distillation tempera-
ture, at which 50% liquid fuel is vaporized, condensed, and collected after the distillation
process, denoted as T50 [32]. The cetane index is an alternative indicator to the cetane
number, which indicates the difficulty of compression–ignition of liquid fuel in a diesel
engine. It was observed that only the distillation temperature of initial boiling (TIBP) was
changed significantly after adding different proportions of cosolvent/glycerine acetate to
the biodiesel among various distillation temperatures from TIBP to the end point of the
distillation (i.e., TEP) of the blended biodiesel. The TIBP distillation temperature was found
to decrease with the increase in the volumetric proportion of cosolvent/glycerine acetate
because of the relatively lower boiling points of methanol and butanol, which are 46.7 ◦C
and 114 ◦C, respectively, compared to 260 ◦C for TAG, as shown in Table 3. The effects of
the cosolvent type and the volumetric ratio of cosolvent/glycerine acetate on the cetane
index of the blended biodiesel are shown in Figure 6. The cetane index increased with the
amount of cosolvent, particularly for the cosolvent methanol at volumetric ratios of cosol-
vent/glycerine acetate larger than 0.11. The addition of the cosolvent methanol was found
to increase the cetane index more significantly than butanol. When methanol was used,
the highest cetane index reached 47.25 at the 0.21 vol.% cosolvent of glycerine acetate. The
cetane index of the blended biodiesel with the added cosolvent methanol was higher than
that with butanol primarily because of the higher heating value and viscosity but lower
volatility of the latter cosolvent [33]. Therefore, the increase in the volumetric ratio of the
cosolvent/glycerine acetate facilitated the compression–ignition of the blended biodiesel.
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3.2.5. Cold Filter Plugging Point

As shown in Table 5, the neat biodiesel’s cold filter plugging point (CFPP) was 3 ◦C.
Adding 5 vol.% glycerine acetate to the biodiesel only decreased the CFPP by 1 ◦C to
2 ◦C due to the high insolubility of glycerine acetate with fatty acid methyl esters. The
anti-freezing effect of glycerine acetate was improved significantly by adding methanol or
butanol as a cosolvent. When methanol was used as the cosolvent, the anti-freezing effect
was obviously enhanced; specifically, when the volumetric ratio of the methanol cosolvent
to glycerine acetate was 0.25 vol.%, the cold filter plugging point of the blended biodiesel
was reduced from 3 ◦C to −2 ◦C after adding the mixture of cosolvent and antifreeze,
as shown in Figure 7. In contrast, when the same amount of the butanol cosolvent and
glycerine acetate mixture was added to the biodiesel, the cold filter plugging point of the
biodiesel was only reduced from 3 ◦C to 1 ◦C. Laza and Bereczky [34] found that increases
in the concentration of alcohols, such as butanol, ethanol, and methanol, in biodiesel
reduced the CFPP of the fuel. In addition, there was no apparent CFPP reduction with the
increase in the volumetric ratio of butanol to the antifreeze of glycerine acetate, as shown
in Figure 7. Therefore, the optimum antifreeze mixture composition added to the biodiesel
was 0.25 vol.% methanol cosolvent with glycerine acetate.
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4. Conclusions

(1) The antifreeze of glycerine acetate, which was produced from the reactant mixture of
acetic acid/glycerol at a molar ratio of 8 under UV-light irradiation, appeared to have
the lowest freezing point, −46.36 ◦C. The UV-light irradiation on the TiO2/SO4

2− pho-
tocatalyst surface rendered higher diacylglycerol (DAG) and triacylglycerol (TAG) but
lower monoacylglycerol (MAG) production than those without UV-light irradiation.

(2) The lowest cold filter plugging point (CFPP) was observed when the mixture of
0.25 vol.% methanol/antifreeze of glycerine acetate was added to the biodiesel, which
decreased from 3 ◦C of the neat biodiesel to −2 ◦C of the blended biodiesel. The
CFPP of the blended biodiesel only decreased to 1 ◦C if the cosolvent butanol was
used instead.

(3) The kinematic viscosity and CFPP decreased while the cetane index and acid value
increased with the increase in the volumetric ratio of cosolvent/glycerine acetate
added to the biodiesel.

(4) The increase in the volumetric ratio of cosolvent/glycerine acetate increased the
heating value of butanol while decreasing that of methanol for the blended biodiesel.
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(5) The cosolvent butanol in the blended biodiesel caused a higher CFPP, kinematic viscosity,
and heating value but a lower acid value and cetane index than the cosolvent methanol.
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