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Biodiesel is a promising alternative to conventional fossil fuels, however, its phys-
icochemical properties often require enhancement to improve performance and
stability. This study investigates the effects of trimethyl borate (TMB) and trieth-
yl borate (TEB) as additives to improve biodiesel fuel characteristics. canola oil
and peanut oil biodiesels were synthesized using the transesterification process.
Subsequently, 1% and 2% TMB and TEB were added to the biodiesels, and their
physicochemical properties were analyzed. The density, kinematic viscosity, ce-
tane number, flash point, cold flow properties, calorific value, and corrosion be-
havior were evaluated. The addition of TMB reduced kinematic viscosity by up
to 15.7% in peanut biodiesel and 6.1% in canola biodiesel. Cold flow properties
also improved, with pour point reductions of up to 2.1 °C for peanut biodiesel and
1.9 °C for canola biodiesel. However, slight decreases in calorific value (up to
1.7%) and flash point (up to 15 °C) were observed. All samples maintained excel-
lent corrosion resistance (la rating). These findings demonstrate that TMB and
TEB can effectively enhance biodiesel flow properties and viscosity, particularly
benefiting cold climate applications.

Keywords: borate esters, cold flow improvement, kinematic viscosity reduction,
renewable fuels, transesterification

Introduction

Biodiesel plays a crucial role in the renewable energy landscape by providing a sus-
tainable, environmentally friendly alternative to fossil diesel. Produced primarily through the
transesterification of triglycerides derived from vegetable oils, animal fats, and waste oils, bio-
diesel is characterized by its biodegradability, low toxicity, and compatibility with existing Die-
sel engines. Its production process utilizes renewable resources and allows for the incorporation
of various feedstocks, including non-edible oils and waste lipids, further enhancing its appeal in
the context of the circular economy and waste valorization [1-4].

Biodiesel’s compatibility with existing Diesel engines is a critical component of its
importance, as it can often be blended with petrodiesel without significant engine modifica-
tions, thus facilitating a smoother transition from fossil fuels to renewable energy sources [5].
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This attribute, combined with its low emissions profile, makes biodiesel an attractive alterna-
tive for use in both light and heavy-duty vehicles [6].

Despite these advantages, biodiesel faces physicochemical limitations that affect its
broader utilization. Its properties, rooted in its fatty acid methyl esters (FAME) composition,
are influenced by molecular factors such as chain length, degree of unsaturation, and branching,
affecting oxidation stability, cold flow properties (CFP), viscosity, flash point, and density [1,
3,7, 8]. Variability in feedstock composition results in inconsistent fuel quality, leading to chal-
lenges in storage, handling, and engine performance [3, 9]. Seasonal and regional variations
further complicate efforts to standardize biodiesel [7, 10].

Viscosity variability presents another challenge. Biodiesel’s typically higher viscos-
ity compared to diesel can impair injection and atomization, reducing combustion efficiency,
especially at low temperatures [7, 11]. Likewise, fluctuations in flash point and density, linked
to feedstock and processing conditions, raise safety and operational concerns, impacting fuel
handling, combustion efficiency, and energy content [12, 13].

Concurrently, poor CFP present a major operational challenge. At low temperatures,
the high melting saturated FAME (e.g., methyl palmitate, methyl stearate) undergo crystalliza-
tion. This process occurs in two-stages (nucleation and crystal growth), leading to the formation
of large, plate-like lamellar crystals. These crystals interlock to form a 3-D gel structure that
clogs fuel lines and filters, resulting in high cloud point (CP), pour point (PP), and cold filter
plugging point (CFPP) [9, 14, 15].

To address these issues, several strategies exist. Physical methods like winterization
(cooling and filtering) or blending with petrodiesel are common but suffer from reduced bio-
diesel yield or compromised sustainability [16]. Therefore, the use of chemical additives is the
most dominant and commercially viable approach [17].

The primary class of additives includes polymeric cold flow improvers (CFI), also known
as pour point depressants (PPD). These include widely established compounds such as poly(meth-
yl acrylate)s (PMA) and ethylene-vinyl acetate (EVA) copolymers. Their mechanism of action is
well-understood: they do not prevent the initial formation of crystals (i.e., they have little effect on
the CP). Instead, they function by modifying crystal growth. They co-precipitate with the saturated
FAME and, through steric hindrance, disrupt the formation of large plate-like crystals, forcing the
creation of smaller, needle-like acicular crystals. These modified crystals have a reduced tendency
to interlock, thus lowering the PP and CFPP [18, 19]. Other additive classes, such as nanoparticle
additives (e.g., AL,O;, CeO,, Zn0O), have also shown promise, primarily for reducing viscosity and
improving combustion [20-22]. Previous research has examined different additives with different
biodiesels, and tab. 1 shows how these additives compare based on reported improvements.

While effective, these solutions highlight a significant research gap. Polymeric addi-
tives are highly effective single-function CFI, and nanoparticles primarily target combustion.
There is a clear need for novel, non-polymeric, oxygenated additives that can function mul-
tifunctionally concurrently improving viscosity, enhancing cold flow, and offering potential
combustion and environmental benefits.

Among potential candidates, borate esters specifically TMB and TEB have emerged
as a promising, yet unexplored, solution for biodiesel. The TMB and TEB are well-documented
in the literature as potent combustion enhancers and ignition promoters for gasoline, diesel, and
jet fuels. Their high oxygen content and reactive boron chemistry have been shown to reduce
ignition delay, improve combustion efficiency, and reduce harmful emissions such as unburned
HC and CO [23-31]. Beyond their combustion benefits, borate esters are also known to contrib-
ute to fuel lubricity [32, 33].
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Table 1. Literature review: biodiesel additives and feedstock specifics
Additive . . Biodiesel
type Specific additive feedstock Effects Ref.
Oxygenate | Ethanol/diethyl | Jatropha + Reduces viscosity an_d improves alr-fue'l mixing
+ Drastic reduction in smoke opacity [34]
(Alcohol) ether curcas . :
— Lowers calorific value and flash point
+ Extends induction period to > 6
TBHQ/ Soybean/ hours (meets ASTM D6751) 35]
pyrogallol sunflower — Does not significantly improve
engine performance or reduce emissions
+ Prevents viscosity increase during aging
Antioxidant BHT Rapeseed — Ineffective in high heat conditions [36]
compared to TBHQ due to partial evaporation
+ Increases induction period from ~4
hours to >10 hours at 1000 ppm
TBHQ Rapeseed — Maintains viscosity stability [36]
better than BHT during storage
+ Lowers PP by 1°C at 0.05 wt.%
Soybean — No effect on CFPP [37]
+ Lowers PP by up to 9°C and
CFPP by 8 °C at 0.03 wt.%
PMA Coconut + Highly effective due to disruption [38]
CFI/PPD of wax crystal lattice
Waste + Lowers CFPP by ~4 °C alone; up to 7 °C 39]
cooking oil when combined with dispersants (e.g., Span80)
+ Lowers CFPP by 9-11°C at 1.0 wt.%
EVA Canola + Modifies crystal shape to be smaller and needle-like [40]
+ Alcohol reduces viscosity while
Hybrid alumina compensates for energy loss
blend | Aloohol +ALOs| - Jatropha — Difficult to maintain a stable [41]
emulsion without phase separation
Solvent | Butanol/acetone | Cottonseed * Improves spray characteristics ofblodlesel [42]
— Lowers cetane number and flash point
+ Significant reduction in HC and CO
CeO, Jatropha + 1mprove'd bra?ke thermal qfﬁm@cy (BTE) [43]
. — Slight increase in viscosity at
Nar(lopeirtllcle higher dosages (>100 ppm)
meta
oxide) + High thermal conductivity accelerates
Carbon Waste burn rate and increases peak pressure [44]
nanotubes cooking oil — High risk of sedimentation
(requires surfactants/sonication)

One of the most studied boron additives in the context of fuel combustion is TMB. The
study conducted experimental investigations by blending TMB into gasoline at various weight
percentages (1-2.5 wt.%) and running a single-cylinder spark ignition engine. They reported
that TMB accelerates combustion (evidence from in-cylinder pressure and heat release rate),
reduces brake-specific fuel consumption (BSFC), and improves thermal efficiency, especially
at higher load. Specifically, at 2.5 wt.% TMB the authors observed up to ~12.1% reduction in
CO emissions and ~14.4% reduction in unburned hydrocarbons compared to baseline fuel [25].
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Beyond TMB, the literature also reports on TEB. The studies investigated droplet
combustion experiments with TMB and TEB, showing that both fuels (when used as boron-con-
taining additives) exhibit higher flame temperature and burn rate constants, plus reduced igni-
tion delay and flame extinction times, relative to conventional fuels [23, 24, 26-29].

While much of the fuel-additive literature focuses on combustion and emissions, bo-
rate esters have also been studied in the context of lubrication and oxidation stability, especially
under conditions relevant to biodiesel and biooil. The study shows two novel nitrogen-contain-
ing borate esters (denoted BTEB and BMEB) were synthesized and tested in rapeseed oil. At
only 0.5 wt.% loading, both esters significantly improved anti-wear performance (by over 60%
in one case), reduced friction, and formed a protective boundary film composed of boron-oxide
and iron compounds on metal surfaces. Moreover, these borate esters also increased the oxida-
tion activation energy of the base oil, indicating a notable antioxidant effect [33].

Many studies focus on gasoline or diesel, but there is limited research on how borate
esters interact specifically with biodiesel (FAME, ethyl esters, etc.) in terms of miscibility,
oxidation behavior, and cold-flow properties, however, this existing body of research is fo-
cused almost exclusively on combustion and emissions, and the potential for TMB and TEB to
function as physicochemical property modifiers particularly for addressing biodiesel’s critical
limitations of high viscosity and poor cold-flow, has been entirely overlooked by the scientific
community.

In this context, the present study provides the first systematic evaluation of TMB and
TEB as multifunctional additives for biodiesel derived from canola oil and peanut oil. By incor-
porating these borate esters at 1% and 2% (v/v) concentrations, this research investigates their
influence on critical fuel parameters, including density, kinematic viscosity, cetane number,
flash point, CFP, calorific value, and corrosion behavior. The findings of this study contribute
to advancing biodiesel technology by offering a novel approach to overcoming performance
limitations, particularly enhancing fuel operability in cold climates while maintaining safety
and efficiency standards.

Materials and methods
Biodiesel production

Canola oil and peanut oil were selected as feedstocks for biodiesel production due
to their favorable fatty acid profiles and availability. Both oils were obtained from commer-
cial suppliers and used directly without any
pre-treatment. Biodiesel was synthesized
through the transesterification process, where
triglycerides in the oils reacted with methanol

to form FAME and glycerol as a byproduct.
The transesterification was carried out
= under controlled conditions using NaOH as the

)
Feedstock L3
(vegetable oil) ‘Sr

S S & catalyst at a concentration of 3.5 g per L of oil.
recien ’ Methanol was used 20% (v/v) relative to the
— — . X .
_ } [ o punﬁcam” oil volume, c.orrespondlng appro.x1mately toa
6:1 molar ratio of methanol to oil, to ensure a
C high conversion rate of triglycerides to FAME.
The reaction temperature was maintained at
Figure 1. Biodiesel production route through 55 °C for 60 minutes, with constant stirring at

the transesterification process 800 rpm. After the reaction, the mixture was al-
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lowed to settle for 8 hours, enabling the separation of glycerol. The biodiesel phase was then
washed with warm distilled water to remove residual catalyst and impurities, followed by drying at
110 °C for 30 minutes to eliminate any remaining moisture. The laboratory set-up for this pro-
cess with a schematic representation is shown in fig. 1.

Borate additives

The TMB and TEB were selected as additives to evaluate their effect on the physico-
chemical properties of biodiesel. Both additives were obtained from Sigma-Aldrich, with purity
of >98% for TMB and >99 for TEB. Their chemical and physical properties are presented in
tab. 2.

Table 2. Chemical and physical properties of TMB and TEB

TMB TEB
Formula C;HyBO; CsH,sBO;
Molecular weight 103.91 g/mol 145.99 g/mol
CAS-No 121-43-7 150-46-9
Physical state Liquid Liquid
Color Colorless Colorless
Density 0.932 g/em® at 20 °C 0.858 g/em*at 25 °C
Boiling point 68-69 °C 117-118 °C
Flash point —11°C 11 °C

The borate esters were added to the biodiesel in two different concentrations: 1%
(v/v) and 2% (v/v) as detailed in tab. 3. Blending was performed using a mechanical stirrer at
800 rpm for 15 minutes to ensure homogeneous dispersion of the additives within the biodies-
el matrix. The biodiesel blends in fig. 2 were carefully prepared for further physicochemical
property analyses.

Notably, no phase separation was observed in any of the biodiesel-additive blends
after storage at the room temperature for over one month, indicating excellent miscibility and
stability of TMB and TEB in both canola and peanut biodiesels.

Table 3. Composition of canola and
peanut biodiesel blends with
TMB and TEB additives

CB100: pure canola biodiesel
CBMBI: 99% CB100 + 1% TMB
CBMB?2: 98% CB100 + 2% TMB

CBEB1: 99% CB100 + 1%TEB
CBEB2: 98% CB100 + 2%TEB

PB100: pure peanut biodiesel
PBMBI: 99% PB100 + 1% TMB
PBMB2: 98% PB100 + 2% TMB

PBEBI: 99% PB100 + 1%TEB
PBEB2: 98% PB100 + 2%TEB

Figure 2. Canola and peanut
biodiesels and their blends
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Fuel property analysis

To evaluate the impact of TMB and TEB additives on biodiesel quality, comprehensive
physicochemical analyses were conducted in accordance with established ASTM and EN standards.

Kinematic viscosity was measured at 40 °C using a rotational viscometer, following
ASTM D445, to assess flow behavior critical for fuel injection systems.

Density was determined at 15 °C using a digital density meter, in accordance with
ASTM D1298, to evaluate mass-to-volume characteristics.

Flash point was assessed using a Pensky-Martens closed-cup tester, following ASTM
D93, to determine safe handling and storage temperatures. The calorific value, indicative of
energy content, was measured using a bomb calorimeter in compliance with ASTM D240.

The CFP were analyzed to assess the operability of the biodiesel blends under low
temperature conditions. The CP was determined in accordance with ASTM D2500, indicating
the temperature at which wax crystals first appear in the fuel. The PP, representing the lowest
temperature at which the fuel remains flowable, was measured following ASTM D97. Addi-
tionally, the CFPP, which reflects the temperature at which fuel flow is restricted due to crystal
formation, was evaluated using the EN 116 standard method.

The cetane number, reflecting ignition quality, was determined using a portable cetane
analyzer, referencing the ASTM D613 guideline.

Corrosion behavior was assessed via the copper strip corrosion test, performed in ac-
cordance with ASTM D130, to detect potential corrosive compounds within the biodiesel blends.

An overview of key biodiesel property standards, including ASTM D6751 and EN
14214 specifications, along with their respective test methods and property significance, is
presented in tab. 4.

Table 4. Biodiesel property standards according to ASTM D6751
and EN 14214, with test methods and significance

Prope ASTM D6751 | Test method EN 14214 Test Unit Sienificance
perty (USA) (ASTM) (Europe) | method (EN) &
. . Affects fuel injection and
© — R -3
Density (15 °C) | Not specified 860-900 ENISO 12185| [kgm™] combustion efficiency
Kinematic [mm?’'] | Impacts fuel atomization
viscosity (40 °C) 1.9-6.0 ASTM D445 3.5-5.0 ENISO 3104 (cSt) and engine performance
Flash point >93 ASTM D93 >101 ENISO2719 | [°C] Safety measure for
handling and storage
Cetane number >47 ASTM D613 >51 ENISOS5165| [ | Highercetanc improves
ignition quality
. Climate o Determines cold
CFPP Not specified B dependent EN116 [°C] weather performance
Variable by Not specified o First appearance of wax
cp feedstock ASTM D2500 (climate grade) EN 23015 [°C] crystals; cold weather issue
Variable by Not specified o Lowest temp at which fuel
PP feedstock ASTM D97 (climate grade) ENISO 3016 [°C] flows; winter operability
Color Amber to d'ark ASTM D1500| Not specified B ASTM Indlcgtor of processing
yellow (typical) color units  quality and impurities
Copperstrip | c1¢ 3 max | ASTM D130 | Class 1 max | EN1SO 2160 | Rating [Detects corrosive compounds
corrosion (1-4) (like sulfur/acid traces)
Calorific value ~37-40 | ASTM D240 |  ~37-40 EN 14918 | [MJkg ]| Enerey content, relates
to fuel efficiency
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Results and discussion

Influence of fatty acid methyl esters
composition on additive interaction

Before examining the effects of individual fuel properties, it is essential to highlight
the fundamental chemical differences between the two biodiesel feedstocks, since their per-
formance characteristics are inherently governed by their FAME compositions. Established
literature consistently shows that the FAME profiles of canola and peanut biodiesels differ
markedly, tab. 5.

Canola biodiesel contains a high proportion of polyunsaturated FAME, primarily lin-
oleic acid (C18:2) and o-linolenic acid (C18:3) in addition its major monounsaturated constit-
uent, oleic acid (C18:1) [45-48].

Peanut biodiesel is dominated by the monounsaturated oleic acid (C18:1), with sig-
nificantly lower levels of polyunsaturated linoleic acid (C18:2) and negligible a-linolenic acid
(C18:3) [49-52].

Table 5. Major fatty acid composition of canola biodiesel and peanut biodiesel [45-52]

FAME Palmitic C16:0 Stearic C18:0 Oleic C18:1 Linoleic C18:2 | Linolenic C18:3
Canola 2%-4% 2%-3% 50%-60% 15%-25% 8-12%
Peanut 9%-10% 2%-3% 50%-65% 20%-30% <1%

The higher unsaturation level in canola biodiesel, particularly the presence of C18:2
and C18:3, introduces multiple double-bond, induced kinks in the molecular chains. These
structural kinks lead to less efficient molecular packing, increased intermolecular free volume,
and altered van der Waals interactions compared to the more linear, monounsaturated, and
structurally uniform FAME matrix of peanut biodiesel. The chemical structures of FAME in
canola and peanut biodiesels and their interaction with borate esters are illustrated in fig. 3.

Given these intrinsic structural differences, the addition of highly polar borate esters
(TMB/TEB) cannot be expected to influence both biodiesel matrices in the same manner. Ac-
cordingly, the divergent, and at times non-linear, behaviors observed in density, viscosity, and
cold-flow responses are direct consequences of these distinct FAME, additive intermolecular
interactions.
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Figure 3. Representation of TMB and TEB with canola and peanut biodiesels
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Density

Density is a direct measure of mass per unit volume, or molecular packing efficiency.
The divergent trends observed in fig. 4 are a clear illustration of the different FAME-additive
interactions hypothesized in section Influence of fatty acid methyl esters composition on ad-
ditive interaction. All samples remained within the EN 14214 (860-900 kg/m?) specification.

For canola (CB100), the addition of both TMB and TEB results in a consistent, slight
increase in density. The canola FAME matrix, rich in kinked polyunsaturated C18:2 and C18:3
molecules, possesses significant interstitial free volume. It is hypothesized that the smaller,
polar borate ester molecules occupy this free volume. Furthermore, new polar-polar attractions
between the borate ester and the FAME carbonyl groups may draw the molecules into a tighter
and more efficient packing arrangement, thereby increasing the bulk density. This densification
effect has been observed in other studies of biodiesel blended with polar, oxygenated additives
[47, 53].

For peanut (PB100), conversely, for the more uniform, C18:1 dominated peanut bio-
diesel, the additives cause a minor fluctuation, including a decrease in density at 1% addition.
This suggests disruptive interaction. In this more organized matrix, the additive molecules do
not fit neatly into existing gaps but instead disrupt the relatively efficient packing of the C18:1
chain. This disruption increases the average distance between FAME molecules, leading to an
increase in free molecular volume and a subsequent decrease in bulk density. This contrasting
behavior is, therefore, not an anomaly but is direct evidence of the additives’ distinct steric and
intermolecular effects within different FAME matrices [54, 55].

Density at 15 °C [gem™] Density at 15 °C [gem™]

0.888 0.885
. . By A
0.886 S osso il \ B A
S ' \ P
0.884 R #.\.\L\.\' 0.875 \ o]
RSN : a
S \ ]
ﬁ o A D
0.882 P SRR 0.870 I
o AR R
A SRR \ R
0.880 AR e 0.865 A & s

’ CB100 CBMB1  CBMB2  CBEB1 CBEB2 ' PB100  PBMBI1 PBMB2 PBEB1 PBEB2

Canola 0.8830 0.8853 0.8858 0.8845 0.8842 Peanut 0.8815 0.8748 0.8822 0.8741 0.8810

Figure 4. Density values of canola and peanut biodiesels and their blends with TMB and TEB

Kinematic viscosity

High viscosity is a common limitation in biodiesel applications, potentially affect-
ing atomization and engine performance. The pure biodiesel samples (CB100 and PB100)
exceeded the viscosity limits set by both ASTM D6751 (1.9-6.0 mm?/s) and EN 14214
(3.5-5.0 mm?/s). The incorporation of borate esters significantly reduced kinematic viscosity
across all blends. Notably, CBMB2 and PBMB1 demonstrated the most pronounced reductions,
bringing values closer to ASTM compliance, fig. 5.

The primary mechanism for this viscosity reduction is the function of TMB and TEB
as solvents or diluents. By interposing themselves between the large FAME molecules (which
are Cj9Hs,.330,), the much smaller additive molecules (TMB:C;HyBOs, TEB:C¢H;sBOs) disrupt
the intermolecular van der Waals forces that contribute to high viscosity, thereby increasing
fluidity.
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Figure 5. Kinematic viscosity of biodiesel samples and borate ester blends at 40 °C

A significant and scientifically illustrative finding, however, is the non-linear behav-
ior observed for TEB in peanut biodiesel, fig. 5. While 1% TEB (PBEB1) substantially reduces
viscosity, 2% TEB (PBEB2) results in a higher viscosity than the 1% blend. This non-linear,
concentration-dependent effect is a known phenomenon in fluid-additive systems. It indicates a
transition in the dominant intermolecular forces [56, 57].

At low concentration (1%), the polar TEB molecules act individually. They are suf-
ficiently dispersed to effectively disrupt FAME-FAME interactions, thus decreasing viscosity.

At higher concentration (2%), as the additive concentration surpasses a critical thresh-
old, the additive molecules themselves, being highly polar, begin to interact strongly with each
other. This additive self-aggregation, or the formation of more complex supramolecular assem-
blies between TEB molecules and the polar heads of the FAME, creates new, larger agglom-
erates. These agglomerates have a greater resistance to flow than the individually dispersed
molecules, resulting in an increase in bulk viscosity. This finding demonstrates the critical
importance of optimizing additive concentration.

Cetane number

All biodiesel samples, including those with additives, exhibited cetane numbers well
above the minimum requirements (>47 ASTM D6751, >51 EN 14214), indicating excellent igni-
tion quality. The slight decrease observed with increasing additive concentration remained within
acceptable limits, fig. 6, suggesting that borate esters do not adversely impact ignition quality.

Cetane number Cetane number
64.0 64.0
63.0 . 63.0
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62.0 R Y 620 .- I - ».\\\.[\\\
AR . \\\ AR,
61.0 N ereree 61.0 \ RRREELY
N o AR B AR
AN AR,
60.0 Y 60.0 x RRRREEY
AR AR,
550 \ | I \ =
AN R
580 .- EEEERLEN 58.0 B [RRRRRRN
CB100 CBMB1 CBMB2  CBEB1 CBEB2 : PB100 PBMB1 PBMB2  PBEB1 PBEB2
Canola 633 63.2 62.6 63.2 62.8 Peanut 62.2 61.0 62.0 60.7 62.3
Figure 6. Cetane number values of biodiesels and their blends
Flash point

The flash point of pure biodiesel and 1% additive blends complied with both ASTM and
EN standards for safe handling (=93 °C ASTM D6751; >101 °C EN 14214). However, as seen
in fig. 7, blends containing 2% TEB (CBEB2 and PBEB2) exhibited flash points below 120 °C.
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Figure 7. Flash point values of biodiesel samples and blends

This reduction is a predictable and direct consequence of the high volatility of the
additives themselves, TMB and TEB have extremely low flash points (—11 °C and 11 °C, re-
spectively, see tab. 2). This trade-off, however, must be analyzed within the correct regulatory
framework. The ASTM D6751 standard for B100 (pure biodiesel) sets a minimum flash point
of 93 °C. This high minimum is primarily to ensure that all residual methanol (flash point 11 °C)
from the transesterification process has been removed.

Our pure biodiesels (CB100, PB100) and all 1% additive blends exhibit flash points
well in excess of this 93 °C minimum. The 2% TEB blends (CBEB2, PBEB2), which showed
the greatest reduction, still comply with the 93 °C minimum safety standard for B100.

Furthermore, United State Department of Transportation and RCRA (resource conser-
vation and recovery act) regulations provide a critical safety classification. Liquids with a flash
point below 60 °C (140 °F) are classified as flammable. Liquids with a flash point between 60
°C and 93 °C are classified as combustible. All our tested blends, including the 2% TEB blends,
remain well above the 93 °C non-hazardous threshold. Therefore, while the downward trend
necessitates care in dosing, these additives do not, at these concentrations, render the biodiesel
flammable or combustible, nor do they make it non-compliant with the primary ASTM D6751
safety standard [58, 59].

Cold flow properties
(cloud point, pour point, and cold filter plugging point)

Cold flow performance is critical for biodiesel usability in colder regions. While ASTM
D6751 does not impose CFPP limits, EN 14214 provides climate-specific guidelines. The data in
fig. 8 provides a clear signature of the additives’ function. Divergent behavior and non-linear im-
provement pattern are, again, a direct function of FAME composition and additive concentration.

The evaluation of CFP begins with the CP, which marks the temperature at which wax
crystallization first becomes visible. The experimental data reveals a stark contrast between the
two feedstocks, neat canola biodiesel (CB100) exhibited a naturally low CP of —1.3 °C, whereas
neat peanut biodiesel (PB100) recorded a significantly higher CP of 13.4 °C, likely due to its
fatty acid saturation profile. The introduction of additives proved effective across the board. For
canola biodiesel, the CBMBI1 blend achieved the most notable depression, lowering the CP to
—2.4 °C. Similarly, in the peanut biodiesel samples, both PBMB1 and PBEB2 reduced the CP to
11.3 °C, demonstrating the additives’ ability to delay the onset of crystal nucleation.

Following crystallization, the PP was analyzed to determine the thermal limit of fuel
fluidity. The baseline canola fuel (CB100) demonstrated a PP of —6.4°C, which was further
improved by the inclusion of additives. The ethyl borate-based additive in the CBEB2 blend
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proved particularly efficacious for this metric, achieving the lowest overall PP of —8.3 °C.
Conversely, the peanut biodiesel baseline (PB100) presented a high PP of 11.3 °C. However,
the treatment successfully brought all peanut samples below the 10 °C threshold, with PBMBI1
showing the greatest improvement by reducing the pour point to 9.2 °C, a reduction of 2.1 °C
compared to the neat fuel.

Regarding the CFPP, a critical metric for predicting real-world vehicle operability, the
results mirrored the trends observed in the other parameters. Neat canola biodiesel recorded a
baseline CFPP of —8.3 °C. The addition of the methyl-based additive in CBMB1 extended this
operational limit significantly, achieving a value of —9.5 °C. Peanut biodiesel presented a more
challenging baseline with a CFPP of 10.5°C. While the improvements were more modest for
this feedstock, the PBEB1 blend offered the optimal performance, lowering the CFPP to 9.7 °C.
The proximity of the CFPP to the CP in the peanut samples suggests that crystal agglomeration
occurs rapidly in this feedstock once the threshold temperature is reached, leading to quicker
filter blockage.

The comparative analysis confirms that canola biodiesel possesses superior inherent
CFP compared to peanut biodiesel, with baseline differences exceeding 14 °C in CP. The data
presented in fig. 8 substantiates the effectiveness of both TMB and TEB additives in enhancing
these properties. While the ethyl-series additives showed slightly higher efficacy in lowering
the PP for canola, the methyl-series (specifically CBMB1) provided the most balanced reduc-
tion in crystallization temperatures (CP and CFPP). It is hypothesized that TMB is a more
effective CFI than TEB due to its smaller molecular size, tab. 2. The lower steric hindrance
of TMB may allow it to integrate more readily and efficiently into the tightly packed nascent
FAME crystal lattice, providing a more effective disruption of crystal growth. Although the
additives improved the operational range of peanut biodiesel, its high transition temperatures
indicate that it remains best suited for warmer climates or substantial blending with petrochem-
ical diesel.

It is also necessary to compare these findings against established additives mentioned
in tab. 1. The dedicated polymeric CFI like PMA and EVA, often at very low concentrations,
provide far greater cold flow improvements (e.g., 9-19 °C PP reduction) than the modest
2.1 °C reduction observed for TMB. However, TMB/TEB are not being proposed as superior,
single-function PPD. The key argument is that TMB/TEB represent a novel class of multifunc-
tional additives. The modest but significant improvement in CFP is achieved concurrently with:
— A substantial reduction in kinematic viscosity (up to 15.7%).

— Known lubricity-enhancing properties, as documented in existing literature [32, 33].

— Established benefits as combustion enhancers that reduce ignition delays [23-31].

— A superior environmental profile regarding exhaust after-treatment systems, as discussed in
the conclusio.

This holistic benefit package frames TMB/TEB as a successful proof-of-concept for
a new, multifunctional approach to biodiesel enhancement, rather than as a direct competitor to
single-function polymeric CFI.

Calorific value

A slight decrease in calorific value was observed with increasing additive concentra-
tion, fig. 9. This reduction, while minimal, reflects the lower energy content introduced by the
borate esters. Nevertheless, all samples maintained calorific values within a range acceptable
for biodiesel fuels, ensuring overall energy efficiency.
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Figure 9. Calorific values of biodiesels and blends

Corrosion behavior

All samples achieved a la rating in copper strip corrosion tests, indicating excellent
resistance to corrosive degradation. This confirms that the additives do not introduce corrosive
compounds into the fuel.
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Limitations and future work

The authors acknowledge the limitations of this initial investigation. This study was
confined to the physicochemical characterization of TMB and TEB as novel biodiesel addi-
tives. The work did not include:

— engine performance and emissions testing,

— long-term oxidative and storage stability trials beyond the preliminary one-month miscibil-
ity observation, or

— spectroscopic analysis (e.g., FTIR) to definitively confirm the hypothesized intermolecular
interaction mechanisms.

These limitations provide a clear and compelling trajectory for future research. The
promising results for viscosity, cold flow, and environmental profile must be validated in re-
al-world applications. Future work should therefore, prioritize:

— A systematic study on a compression-ignition Diesel engine is the next logical step. This is
required to quantify the effect of TMB/TEB blends on engine performance (BTE, BSFC)
and, critically, their impact on the full emission profile (NO,, PM, CO, and HC).

— A quantitative analysis of the blends’ oxidative and storage stability over several months, as
well as material compatibility tests, is needed to assess their commercial viability.

— A full assessment of the economic viability and life-cycle impact of TMB/TEB as commer-
cial additives is required to confirm their overall sustainability.

Conclusions

This study demonstrated that TMB and TEB are effective multifunctional additives
for enhancing the physicochemical properties of canola and peanut biodiesels. The most
significant improvements were observed in kinematic viscosity (up to 15.7% reduction) and
CFP (up to 2.1 °C PP reduction), addressing two critical limitations associated with biodiesel
usability.

This study provided, for the first time, deep mechanistic explanations for the addi-
tives’ behavior, linking divergent and non-linear data anomalies to the specific intermolecular
interactions between the polar additives and the distinct FAME compositions of the feedstocks.
The non-linear viscosity and cold flow behaviors observed are not errors, but rather key scien-
tific findings demonstrating the importance of optimizing additive concentration avoid self-ag-
gregation or saturation effects.

Beyond the physicochemical benefits, borate esters offer a compelling environmental
advantage. The fuel and lubricant industries are under intense regulatory pressure to eliminate
phosphorus- and sulfur-based additives, as these compounds are known to poison exhaust af-
ter treatment catalysts (e.g., catalytic converters and diesel particulate filters). Borate-based
compounds, including the esters used in this study, are established as environmentally friend-
ly, non-toxic, and decomposable. Crucially, they do not contain phosphorus or sulfur and are
known not to poison exhaust catalysts.

This context elevates the significance of the present study. While polymeric additives are
more potent single-function CFI, TMB, and TEB represent a novel class of multifunctional, environ-
mentally superior additives. Our findings demonstrate their ability to concurrently improve viscosity
and cold flow, while literature supports their role in enhancing lubricity and combustion. The poten-
tial to achieve these multiple objectives without the negative environmental and catalytic-poisoning
effects of incumbent additives makes them a highly promising and sustainable area for future fuel
development, justifying the modest trade-offs observed in calorific value and flash point.
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