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Article 

Reducing Oxidation in the Aspire Oil Biodiesel-
diesel Blends: Metal Deactivators as Antioxidant 
Schiff Base Derivatives 
Nalan Türköz Karakullukçu 

Karadeniz Advanced Technology Research and Application Center, Ondokuz Mayis University, 55200, 
Atakum, Samsun, Turkiye; nturkoz@omu.edu.tr; Tel.: +90- 535-7928967 

Abstract: A viable alternative to fossil fuel diesel is biodiesel. Due to its high oxidation risk, low 
stability, and short storage life, biodiesel has significant downsides. We use biodiesel-compatible 
antioxidants to eliminate issues. Sustainable energy and biodiesel antioxidants impact the global 
economy and environment. Researchers built Schiff bases to examine biodiesel-diesel blends. Schiff 
bases deactivated metals and antioxidants. Compound structures were disclosed by TLC, MP, FT-IR, 
1H–13C NMR, and elemental analysis. These compounds' antioxidant activities were investigated 
utilizing the DPPH• free radical trapping and ABTS•+ radical cation scavenging assays. The study 
utilized 30% biodiesel, 70% diesel. Mixtures of 3000 ppm Schiff bases were tested for oxifast. 
Comparison to BHT antioxidant. Sample names were D100, B30D70, B30D70BHT, B30D70_2, and 
B30D70_1. These samples were characterized by FT-IR, DSC, and TGA. The DSC measured sample 
crystallisation temperatures. Antioxidant-rich diesel was lower than D100. DSC testing indicated 
antioxidant strengths of -11.76, -11.87, -12.03, -12.73, and -13.97 °C at crystallization for samples D100, 
B30D70, B30D70BHT, B30D70_2, and B30D70_1. TGA values of 102.30, 118.06, 129.84, 131.75, and 
137.01 indicate sample stability increases Tonset. Antioxidants clarify FT-IR spectrum antioxidant 
impact areas. The extra antioxidant works. In various dosages, Schiff bases increase biodiesel's 
oxidative stability. 

Keywords: Schiff base; metal deactivators; oxidative stability; biodiesel; green energy 
 

1. Introduction 

The use of fossil fuels to fulfill green energy requirements is predicted to increase. Due to the 
negative impact of fossil resource consumption on environmental contamination, there has been a 
developing corpus of research focusing on alternative fuel sources [1,2]. Biodiesel, a renewable 
energy source, is widely regarded as indispensable for the preservation of a healthy ecosystem [3,4]. 
Utilizing biodiesel has numerous advantages. This particular characteristic's non-toxic nature 
ensures safety and cost-effectiveness, which is a notable advantage [5]. The production of biodiesel 
involves a series of chemical reactions that result in the formation of free radicals susceptible to 
oxidation in the surrounding atmosphere. Ensuring the preservation of biodiesel's storage stability is 
crucial to assessing its overall quality. Therefore, it is crucial to emphasize the utmost importance of 
standards and gasoline quality certification in Europe [6,7]. When there is instability in the fuel, 
blends form. These blends can then lead to the formation of injector deposits or particles that can 
block fuel filters or the fuel injection system. The necessity of a stability additive exhibits significant 
variation across different types of fuels. The variability in fuel quality is contingent upon factors such 
as the method of fuel production, the origin of the crude oil, and the specific processes and blending 
techniques employed at the refinery [8,9]. Stability additives commonly function by obstructing a 
specific stage within a complex series of reactions. The efficacy of an addition to one fuel may be 
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compromised when applied to another due to the intricate chemical interactions involved. In order 
to achieve fuel stabilization, it is necessary to conduct testing to determine the appropriate additive 
and treatment rate. Optimal outcomes are achieved when the additive is introduced promptly 
subsequent to the fuel's production process [10,11]. Additives for fuel stability are used because 
adding antioxidants greatly improves the quality, storage stability, and durability of biodiesel [12]. 
These additives include stabilizers, dispersants, and metal deactivators [13]. Schiff bases are chemical 
compounds characterized by the general formula RCH=NR'. The formation of an imine group (>C=N) 
results from the condensation reaction between aldehydes or ketones and primary amines, which 
produces these compounds. The condensation process, specifically nucleophile addition removal 
involving carbonyl compounds, generates  Schiff bases [14,15]. In contemporary times, Schiff bases 
have gained prominence in the realm of medicinal and biological applications. These compounds 
hold promise as prospective medication substances and are utilized as diagnostic tools for diseases. 
Certain complexes that include radioactive nuclei exhibit features such as antioxidant, anticancer, 
antibacterial, and antiviral activities. Schiff bases are useful in many situations because they are very 
stable at high temperatures, they can form liquid crystals, they can bind other molecules, they are 
semiconductors, they have optical properties, and they may even be useful for medicine [16–22]. 
Schiff bases can improve the quality of biodiesel-diesel blends in two ways: first, they can do this by 
forming complexes with metal ions that deactivate the metals; and second, they can do this by 
trapping radicals in biodiesel-diesel blends and stopping the chain reaction of radical reactions. To 
begin, Schiff bases are likely to react because they have a nitrogen atom in the azomethine group. 
This nitrogen atom is in the sp2 hybrid orbital and has an unpaired electron pair [23,24]. The excellent 
chelating capabilities of Schiff bases have garnered significant recognition in the academic 
community. The presence of minute quantities of some metals in diesel fuel has been seen to behave 
as catalysts, expediting the processes associated with fuel instability. Metal deactivators function by 
chelating the metals, effectively neutralizing their catalytic activity [25]. Typically, they are employed 
within the concentration range of 1 to 15 ppm. The Schiff bases exhibit a high propensity for metal 
chelation owing to their dentate character. As a result, they function as metal deactivators within 
biodiesel-diesel blends [26,27]. The intricate arrangement of Schiff bases with metal ions (M) is 
depicted in Figure 1. 

R OH

N M

O

O

N

R

R= -NO2, -CH3

OH

 

Figure 1. Chelate complex formation: metal ions and Schiff base ligands. 

Secondly, Schiff bases have been the subject of research that indicates their potential as effective 
antioxidant compounds. Antioxidants are a group of chemicals that effectively halt the process of 
oxidation [28,29]. Inhibiting the production of free radicals or the scavenging of already existing 
radicals effectively controls the oxidation process of biodiesel, even when present in small amounts. 
The chemical structure of antioxidants commonly includes phenolic functional groups. The 
degradation of biodiesel has shown a significant reduction. Recent studies have indicated that the 
use of both natural and synthetic antioxidants is imperative for the purpose of augmenting and 
optimizing the oxidative stability of biodiesel. The utilization of antioxidants underscores the 
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importance of diminishing the presence of free radicals in biodiesel and prolonging the process of 
oxidation [9,30]. Phenolic antioxidants (AH) are frequently employed as free radical scavengers due 
to their advantageous properties. Phenic acid antioxidants have long lasting radical intermediates 
that stop molecular oxygen from attacking these areas because of resonance delocalization. 
Additionally, phenolic antioxidants have strong hydrogen donating capabilities [31–33]. Figure 2 
shows how the phenoxy radical becomes more stable and the mismatched electrons move around 
the aromatic system. 

O O O O

 
Figure 2. Stabilization of phenoxy radicals. 

The capacity to scavenge free radicals is a prevalent characteristic shown by phenolic 
compounds. The antioxidative action of phenolic Schiff bases (SB-OH) is closely associated with their 
capacity to liberate hydrogen atoms. There are a variety of methods for removing free radicals, 
including hydrogen atom transfer (HAT), single electron transfer followed by proton transfer (SET-
PT), and sequential proton loss electron transfer (SPLET). All of these methods provide the same 
outcome, specifically the generation of the appropriate phenoxy radical. The hydrogen atom transfer 
(HAT) process is characterized by a single step in which a hydrogen atom is converted to a free 
radical. 

SB-OH SBO + H
 (1) 

The SET−PT and SPLET mechanisms are comprised of a two step process. In the SET−PT 
mechanism, the initial step involves the loss of one electron, resulting in the creation of a radical 
cation. Subsequently, in the second step, the radical cation undergoes deprotonation, leading to the 
formation of the corresponding radical. 

SB-OH SB-OH + e

SB-O + HSB-OH
 

                        
(2) 

The initial step in the SPLET process is the deprotonation of the parent molecule. During the 
second stage, the anion undergoes electron loss, resulting in the formation of a matching radical 
[24,25,34,35]. 

SB-OH SB-O + H

SB-O + eSB-O
 

(3) 

Schiff bases were made, and their chemical makeups were figured out using FT-IR, 1H NMR–
13C NMR (in DMSO-d6), and elemental analysis, among other methods. The determination of the in 
vitro antioxidant properties of all structures was conducted using the DPPH• free radical capture and 
ABTS•+ radical cation scavenging activities techniques [18,30]. The results are presented with the IC50 
values that have been computed. Schiff base derivatives were added, and a concentration of 3000 
ppm was added to the mixtures [36]. Several characterization techniques, including DSC, TGA, and 
FT−IR, were used to evaluate the antioxidant activity of fuels [37]. The use of BHT, also known as 2,6-
di-tert-butyl-p-cresol (DBPC), resulted in comparisons between the experimental results and those 
BHT is a synthetic phenolic antioxidant that is extensively employed as a food additive. Because it is 
made up of phenolics, BHT helps to free hydrogen from phenolic hydroxide groups and stop the 
formation of free fatty acid radicals at the carboxyl end of the fatty acid. The substance exhibits a 
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notable antioxidant capacity. The process has been found to improve the effectiveness of the oils and 
help prevent the formation of deposits. BHT is utilized in various industries, including the food and 
rubber sectors, metallurgy, cosmetics, medicines, embalming liquids, antifreeze, auto chemistry 
liquids, and the fuel business [38,39]. Table 1 displays the antioxidant properties and structural 
formula of BHT. 

Table 1. The properties of BHT. 

Property Butyl hydroxytoluene (BHT) Chemical Structure 

Molecular formula C15H24O 

 

Molecular mass (g/mol) 220.35 

Density (g/cm3) 1.05 

Boiling temperature (°C) 265 

Flash point temperature (°C) 127 

2. Materials and Methods 

Compounds sourced from reputable suppliers such as Merck, Sigma, and Aldrich Chemical 
Company were utilized in their original form without undergoing additional purification. The 
experiment utilized a solvent of high spectroscopic quality. We conducted an elemental analysis 
using a CHNS-932 (LECO) instrument. We took 1H NMR and 13C NMR spectra (in DMSO-d6) at 25 
°C using an Agilent Premium Compact spectrometer operating at 14.1 Tesla and 600 MHz. 
Gallenkamp melting point equipment determined the melting points. Methods used to measure the 
ability of the resulting mixtures to exhibit antioxidant activity: We used SDTQ 600 for the 
thermogravimetric analysis (TGA) and DSCQ 2000 for the differential scanning calorimetry (DSC). 
We plotted TGA and DSC graphs using the software Universal Analysis 2000/XP/Vista Version 4.5A. 
We used ATR-FTIR (Perkin Elmer, Spectrum-Two, USA) to perform Fourier-transform infrared 
spectroscopy (FT-IR). 

The Biodiesel Corporation, known as Aves Energy Oil and Food Industry, and the Fuel 
Corporation, referred to as OPET, have both played a substantial role in enabling widespread 
commercial availability of neat aspire biodiesel (B100) and neat diesel fuel (D100) in the Turkish 
market. The chemical properties of aspire oil methyl ester (AME) are shown in Table 2. 

Table 2. Properties of aspire oil methyl ester (AME). 

Parameter (unit) Method Range Results 

Density (15 °C) (kg/m3) TS EN ISO 12185 860–900 84.1 

Viscosity (40 °C) (m2·s−1) TS1451 EN ISO 3104 3.50–5.00 4.381 

Total Contamination (mg/kg) TS EN 12662 0–24 15.6 

Oxidation Stability (h) TS EN 14112 8-0 10.4 

Flash Point (°C) TS EN ISO 2719 101-0 166.0 

Cold Filter Plugg. Point (CFPP) (°C) TS EN 116 ≤+5 -2 

Methanol (m/m%) TS EN 14110 ≤0.20 0.02 

Water Content (%) TS 6147 EN ISO 12937 ≤0.05 0.04 

Iodine Value (gl/100 g) TS EN 14111 ≤120 111 

Free Glycerol (wt%) TS EN 14105 ≤0.02 0.002 

Total Glycerol (wt%) TS EN 14105 ≤0.25 0.154 

Ester Contents (m/m%) TS EN 14103 ≥96.5 97.7 

Linolenic Acid Methyl Ester (m/m%) TS EN 14103 ≤12 1.6 

OH

(H3C)3C C(CH3)3

OCH3
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Polyunsaturated Methyl Ester (m/m%) TS EN 14103 ≤1 0.03 

Acid Number (mgKOH/g) TS EN 14104 ≤0.50 0.36 

Copper Strip Corrosion 50 °C, 3h (°C) TS 2741 EN ISO 2160 Class1 Class1 

Cetane Number (°C) TS EN 15195 ≤51.0 55.6 

Sulfated Ash (m/m%) TS ISO 3987 ≤0.02 0.003 

Sulphur (mg/kg) TS EN ISO 20846 ≤10 3.2 

Phosphorus (mg/kg) TS EN 14107 ≤4 ˂1.6 

Metals (Na, K) (mg/kg) TS EN 14538 ≤5 ˂1 

Metals (Ca, Mg) (mg/kg) TS EN 14538 ≤5 ˂1 

Monogliserit Content (wt%) TS EN 14105 ≤0.7 0.50 

Digliserit Content (wt%) TS EN 14105 ≤0.2 0.12 

Trigliserit Content (wt%) TS EN 14105 ≤0.2 0.06 

2.1. Experimental Stage: Schiff Base Synthesis 

The objective of this study was to investigate the outcomes of incorporating. Schiff bases have 
antioxidant activity and possess the ability to deactivate metals. The initial compound of 
salicylaldehyde reacts with the compounds of 2-amino-4-methylphenol and 2-amino-4-nitrophenol 
respectively, resulting in the synthesis of Schiff bases with two different substantions. The 
synthesized Schiff bases were characterized using various analytical techniques such as TLC, MP, FT-
IR, 1H NMR, 13C NMR, and elemental analysis. Furthermore, the antioxidant properties of these 
compounds were assessed using the DPPH. free radical trapping and ABTS•+ radical cation 
scavenging activities techniques. The biodiesel to diesel ratio in diesel-biodiesel blends typically 
varied between 30% and 70%. The mixture was denoted by the formula B30D70. A mixture of plant 
extracts was prepared at a concentration of 3000 ppm. In order to evaluate the potential additive 
effects of Schiff bases, these compounds were incorporated into blends and subjected to analysis 
using an oxifast device. The performance of these blends was compared to BHT, a chemical 
antioxidant. The experimental samples were meticulously prepared and assigned the following 
designations: D100, B30D70, B30D70BHT, B30D70_2, and B30D70_1. The samples underwent 
characterization through the utilization of several analytical techniques, DSC, TGA, and FT-IR.  

Salisylaldehyde (2-hydroxybenzaldehyde) is reacted individually with 2-amino-4-methylphenol 
and 2-amino-4-nitrophenol, each in mmol quantities. Acetic acid acts as a catalyst to individually 
adjust the resulting mixtures, and then absolute methyl alcohol dissolves them. Subsequently, the 
mixtures are combined and heated separately using a refrigerator. An executive phase TLC analysis 
using a 4:1 mixture of n-hexane and ethyl acetate is used to track the reactions as they happen [40]. 
The resulting product of the reaction is subjected to multiple washes with warm distilled water, 
methyl alcohol, and diethyl ether. It is then dried under vacuum conditions, and its structure is 
elucidated [41,42]. The reaction of Schiff's base synthesis is given in Figure 3. Physical properties, 
efficiency values, melting points, and results of elemental analysis of synthetic Schiff bases are given 
in Table 3. 

OH

O

+

HO

H2N R OH

N

HO

R
MeOH

R= -NO2, -CH3  
Figure 3. Schiff base structures and synthesis reaction. 
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Table 3. Elemental analysis results and physical data of the Schiff bases. 
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The compound 1 is chemically synthesised as (E)-2-((2-hydroxybenzylidene)amino)-4-
nitrophenol. The following is the analytical summary of the compound: FT-IR (cm-1): 3695 (O−H), 
2926 (aromatic C−H), 2856 (aliphatic C−H), 1725 (C=N), 1619 (aromatic C=C), 1462 (asymmetric N=O), 
1380 (symmetric N−O), 1255 (C−N); 1 H NMR (600 MHz, in DMSO-d6, ppm): δ 10.96 (s, 1H), 10.17 (s, 
1H), 8.81 (s, 1H), 6.74–7.81 (m, 7H), 2.11 (s, 3H); 13C NMR (600 MHz, in DMSO-d6, ppm): δ 166.56, 
162.24, 162.01, 155.08, 44.92, 131.06, 128.42, 124.71, 123.53, 119.38, 115.60, 112.01, 105.88. 

Compound 2 is synthesised as ((E)-2-((2-hydroxybenzylidene)amino)-4-methylphenol). The 
following is the analytical summary of the compound: FT-IR (cm-1): 3034 (O−H), 2925 (aromatic C−H), 
2872 (aliphatic C−H), 1618 (C=N), 1485 (C=C), 1232 (C−N); 1H NMR (600 MHz, in DMSO-d6, ppm): δ 
9.53 (s, 1H), 9.08 (s, 1H), 8.74 (s, 1H), 5.27–8.72 (m, 7H); 13C NMR (600 MHz, in DMSO-d6, ppm): δ 
160.95, 159.82, 156.48, 146.70, 135.65, 134.32, 131.63, 124.43, 121.57, 120.31, 111.96, 108.27. The solvent 
peak was seen at a chemical shift of 2.50 ppm, whereas the water peak was detected at a chemical 
shift of 3.35 ppm. 

2.2. Formulation of Biodiesel-Diesel Blends 

The biodiesel to diesel ratio in diesel and biodiesel blends often ranged from 30% to 70%. The 
combination being mixed was represented by the formula B30D70. The combination of extracts from 
many plants was performed at a concentration of 3000 ppm [41]. The contents and sample codes are 
presented in Table 4. 

Table 4. Biodiesel diesel antioxidant Schiff base ligand blends: exploring contents and codes. 

Sample Biodiesel (%) Diesel (%) 

D100 - 100 

B30D70 30 70 

B30D70BHT 30 70 

B30D70_2 30 70 

B30D70_1 30 70 
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2.3. Differential Scanning Calorimetry (DSC) 

DSC methods can be employed for the goal of characterizing, quantifying, and inferring. The 
main aim of this study was to examine the temperatures at which the process of crystallization starts, 
as measured in degrees Celsius, for the following materials: D100, B30D70, B30D70BHT, B30D70_2, 
and B30D70_1. The experiment utilized a DSC Q-2000 calorimeter, manufactured by TA Instruments-
Waters, a US-based company. The calorimeter was equipped with an RCS 90 and a cooling 
mechanism. Aluminum pans were employed for the purpose of performing analysis. During the 
course of the experimental procedure, a sample weighing 5 ± 0.5 mg was meticulously placed into 
the pan. The study conducted by indicated that the cooling rate throughout the temperature range of 
25 °C to -90 °C was found to be 10 °C per minute, while a consistent nitrogen flow rate of 50 mL per 
minute was maintained [42,43]. 

2.4. Thermogravimetric Analysis (TGA) 

TGA is frequently utilized to examine the relationship between alterations in mass and 
temperature fluctuations, whether increasing or constant, under controlled atmospheric conditions. 
This analytical technology is employed to quantify vapors, assess combustion reactions, investigate 
degradation processes, and determine residual components in products. TGA technique has been 
employed to observe the decomposition characteristics of various organic compounds and the 
potential improvement of their constituents [44]. The TGA analysis was performed using an SDT Q-
600 apparatus manufactured by TA Instruments-Waters, a US-based company. The acquisition of the 
samples involved exposing five powder samples, with a weight of 5 ± 0.5 mg each, to a heating 
procedure at a rate of 10 °C per minute. The heating procedure was conducted within an alumina 
pan, while ensuring a consistent oxygen gas flow rate of 50 mL per minute throughout the duration 
of the process. The temperature was gradually raised until it reached a value of 400 °C, as recorded 
in the scientific literature [45]. 

2.5. Fourier Transform Infrared Spectroscopy (FT−IR) 

The chemical functional groups present in Schiff base derivatives and fuels blends were 
analyzed using FT-IR (Perkin Elmer, Spectrum-Two, USA). The spectral range spanning from 650 to 
4000 cm-1 was employed to conduct a surface scan of the material. ATR FT-IR spectra were acquired 
with an isothermal technique at ambient temperature. [46] 

2.6. Antioxidant Activity 

2.6.1. DPPH. Method for Antioxidant Activity 

The determination of the free radical scavenging activity of samples 1 and 2, together with BHT, 
was conducted using the DPPH˙ method [47]. A homogenous mixture was created by combining 150 
µL of various concentrations of the sample and standards (BHT) with 50 µL of 0.1 mM DPPH˙, which 
was generated using ethanol, on a 96-well plate. The plate was incubated at ambient temperature in 
a light restricted environment for a duration of 30 minutes. The absorbance values of each 
combination were quantified using a BioTek (Epoch2) microplate reader at a wavelength of 517 nm. 
The findings were subsequently calculated by computing the IC50 values in units of micrograms per 
milliliter (μM). 

The % inhibition of the free radical concentration was computed for the sample compounds and 
subsequently compared to the standard. The calculation of the percentage of inhibition of radical 
scavenging activity was performed using the formula denoted as Equation 6. 

Radical scavenging activity (%)  =  [(Ac − A) / Ac x 100]                           (4) 
The variable "Ac" represents the absorbance value of the control, whereas "A" represents the 

absorbance value of the test substance or standard. In addition, the determination of IC50 values was 
carried out by the utilization of a calibration curve. The IC50 value is established by measuring the 
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concentration of all components necessary to achieve a level of inhibition that is half of the maximum. 
A lower IC50 value indicates a higher level of antioxidant activity [48,49]. 

2.6.2. ABTS•+ Method for Antioxidant Activity 

The assessment of the radical cation scavenging activity of samples 1 and 2, together with BHT, 
was carried out utilizing the ABTS•+ method. In a 96-well plate, 20 µL of various concentrations of 
the sample and standards (BHT) were mixed with 180 µL of ABTS•+. The ABTS•+ solution was 
prepared by combining 7 mM ABTS•+ with 2.45 mM Potassium persulfate, and the resulting solution 
had an absorbance value of 0.700 ± 0.02. The mixture was thoroughly mixed to ensure homogeneity. 
The plate was left at room temperature for a duration of 6 minutes. The absorbance values of each 
mixture were measured using a BioTek (Epoch2) microplate reader at a wavelength of 734 nm. The 
results were determined by calculating the IC50 values in units of micrograms per milliliter (μM). 
These values indicated that the sample's ABTS•+ scavenging activity was less than half that of the 
standard substance [50,51]. 

3. Results and Discussion 

3.1. Differential Scanning Calorimetry (DSC) 

Differential scanning calorimetry (DSC) experiments were performed on a fuel blend consisting 
of synthetic Schiff base derivatives, unbleached fuel, and diesel in a nitrogen gas environment. The 
experiment results are shown in Figure 4, and the crystallization start temperatures (°C) for D100, 
B30D70, B30D70BHT, B30D70_2, and B30D70_1 are displayed in Table 5. The mean onset temperature 
for crystallization is determined to be x_mean = 12.47. Equation (5) determines that the standard 
deviation, a fundamental measure for assessing experimental data variability, is 0.92. As shown in 
Table 5. 

      𝑠𝑠2 =
∑ (𝑥𝑥𝑥𝑥 − 𝑥𝑥𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚)𝑁𝑁
𝑖𝑖=1

2

𝑁𝑁 − 1
                               (5) 

 
Figure 4. DSC thermograms of D100, B30D70, B30D70BHT, B30D70_2, and B30D70_1 under N2 atmosphere. 
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Table 5. D100, B30D70, B30D70BHT, B30D70_2, and B30D70_1 crystallization onset temperatures (°C) in a N2 
atmosphere*. 

Sample Crystallizations onset temperature 
(𝒙𝒙𝒙𝒙) (℃) 

(𝒙𝒙𝒙𝒙 − 𝒙𝒙𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎)𝟐𝟐 

D100 -11.76 0.71 

B30D70 -11.87 0.60 

B30D70BHT -12.03 0.44 

B30D70_2 -12.73 0.26 

B30D70_1 -13.97 1.5 

*Values are expressed as means (n = 2). 
The objective of this study was to investigate the impact of incorporating Schiff base derivatives 

into biodiesel-diesel blends on their crystallization temperatures. The study revealed that the extract 
obtained from the Schiff base exhibited an elevation in the crystallization point. The present inquiry 
pertains to the initiation temperatures of crystallization for a selection of specific alloys, namely D100, 
B30D70, B30D70BHT, B30D70_2, and B30D70_1. Following the completion of experiments, the initial 
temperatures for crystallization were determined to be -11.76 °C, -11.87 °C, -12.03 °C, -12.73 °C, and 
-13.97 °C for the samples labeled as D100, B30D70, B30D70BHT, B30D70_2, and B30D70_1, 
correspondingly. 

3.2. Thermogravimetric Analysis (TGA) 

TGA has significant importance in a wide range of sample examinations. The aforementioned 
techniques entail subjecting the samples to controlled heating while concurrently measuring the 
reduction in weight as a function of temperature. The TGA-DTG graphs of various combinations 
were compared. It has been observed that there is a singular degree of degradation in relation to 
temperature. The temperature at which degradation initiates, referred to as the onset temperature, 
provides valuable insights into the thermal stability and initial boiling point. A correlation has been 
observed between the stability of the samples and the Tonset values, indicating that an increase in 
sample stability is accompanied by a corresponding increase in Tonset values [31]. Figure 5 presents 
the graphical depictions of the TGA and DrTGA curves. Upon further examination, it is evident that 
the curves exhibit a significant degree of similarity to each other. Under the specified temperatures, 
a variation in sample mass loss is observed, ranging from 98.09% to 99.44%. The recorded values 
obtained from the thermometers and documented on the thermograms are listed in Table 6. The 
average degradation temperature (Tonset) is y_mean= 123.79, with a standard deviation of s = 13.86. 
The average mass loss is 98.87 with a standard deviation of 0.63, as calculated using Equation (5). As 
indicated in Table 6. 
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Figure 5. TGA and DrTGA curves of D100, B30D70, B30D70BHT, B30D70_2, and B30D70_1 under O2 
atmosphere. 

Table 6. TGA values of samples. 

Sample 

name 

Temperature 

range (°C) 

Max, 

degradation 

temperature 

(𝒚𝒚𝒚𝒚) (°C) 

(Tonset) 

(𝒚𝒚𝒚𝒚

− 𝒚𝒚𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎)𝟐𝟐 

Mass 

loss (𝒛𝒛𝒛𝒛) 

(%) 

(𝒛𝒛𝒛𝒛

− 𝒛𝒛𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎)𝟐𝟐 

D100 25-275.00 102.30 21.49 99.44 0.566 

B30D70 25-275.00 118.06 5.73 98.30 0.574 

B30D70BHT 25-275.00 129.84 6.05 99.34 0.466 

B30D70_2 25-275.00 131.75 7.96 99.20 0.326 

B30D70_1 25-275.00 137.01 13.22 98.09 0.784 

3.3. Fourier Transform Infrared Spectroscopy (FT-IR) 

Figures 6 and 7 depict the FT-IR spectra of the blends, including biodiesel and diesel. These 
blends were created by introducing different amounts of antioxidants into the biodiesel-diesel 
samples. The effects of adding antioxidants to biodiesel samples at a concentration of 3000 ppm are 
presented in Table 7. It has been found that the valence-stretching vibration frequency range of an 
unbounded hydroxyl group, which is written as ν(O−H), is around 3680–3685 cm-1. The spectral 
peaks observed in the range of 2990−3000 cm-1 are frequently linked to the vibrational stretching of 
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ν(C−H) bonds, which serves as an indication of the oxidation process. These bonds are present in 
aldehyde and ketone compounds found in the antioxidants present in the biodiesel samples. The 
spectral range of 2920−2990 cm-1 is frequently associated with the ν(C−H) bending vibration, a 
phenomenon that has been observed to play a role in oxidation processes. The peaks observed in the 
wavenumber range of 1065−1070 cm-1 can be attributed to the stretching of the ν(C−O) bond. The 
comprehensive spectrum exhibits large absorption bands that are indicative of the significant ester 
carbonyl functional group ν(C=O). The observed absorption occurs within the spectral region of 
1050−1755 cm-1. Therefore, the absence of a proximate band might be interpreted as an indicator of 
the nonexistence of carboxylic acids. The observed vibrational modes within the wavenumber range 
of 1450−1460 cm-1 and 1150−1184 cm-1 can be ascribed to the bending vibrations of ν(N−H) and ν(C−N) 
bonds, respectively, within the framework of Schiff base compounds. The observed durability of the 
biodiesel samples can be attributable to the consistently low levels of oxidation seen in all samples 
[33]. Numerous studies have provided evidence indicating that the incorporation of antioxidants 
results in heightened peak intensity, a phenomenon mostly attributable to the existence of phenolic 
chemicals [46,52]. 

 

Figure 6. FT-IR spectra of D100, B30D70, B30D70BHT, B30D70_2, and B30D70_1 at 4000−500 cm-1. 
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Figure 7. FT-IR spectra of D100, B30D70, B30D70BHT, B30D70_2, and B30D70_1 at 1500−1000 cm-1. 

Table 7. Experimental FT-IR values of the compounds (cm−1). 

Compou

nd 

ν(O−

H) 

ν(C−H) 

Aroma

tic 

ν(C−H) 

Alipha

tic 

ν(C=

O) 

ν(N−

H) 

ν(C−

N) 

ν(C−

O) 

B30D70_1 – 3000 2990 1755 1450 1150 1067 

B30D70_2 – 2995 2920 1750 1460 1184 1065 

B30D70 3680 2990 2950 1650 – – 1069 

B30D70B

HT 

3882 2996 2965 1680 – – 1069 

D100 3685 2990 2945 1650 – – 1070 

3.4. Evaluation of Antioxidant Activity 

3.4.1. DPPH. Free Radical Scavenger Effect for Schiff Bases 

The free radical removal activities of the samples were assessed, and it was observed that 
compound 1 (28.08 ± 0.98b μM) exhibited higher activity, whereas composite 2 (33.77 ± 0.82b μM) 
displayed lower activity. Compound 1 is characterized by its ability to effectively remove free 
radicals, similar to the standard antioxidant substance BHT, making it highly active in free radical 
removal. The samples exhibited noteworthy free radical scavenging capabilities due to their 
comparable IC50 values. Furthermore, it is important to highlight that the observed behavior of the 
sample closely paralleled that of BHT, which might be seen as a good indicator. 

3.4.2. ABTS•+ Radical Cation Scavenger Effect for Schiff Bases 

The radical cation scavenging capabilities of the compounds were evaluated, revealing that 
Compounds 1 and 2 exhibited greater radical scavenging activity compared to BHT. When 
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comparing compounds 1 and 2, it was observed that compound 1 shown higher activity with a 
concentration of 18.80 ± 0.65 μM, whereas compound 2 exhibited lesser activity with a concentration 
of 21.70 ± 0.70 μM. The DPPH. free radical and ABTS•+ radical cation scavenging activities of the 
compounds are presented in Table 8. 

Table 8. DPPH. free radical and ABTS•+ radical cation scavenging activities of compounds (μM)*. 

Compund number and 
name 

Sample structure (DPPH.) 
IC50 values 

μM 
 

(ABTS•+) 
IC50 values 

μM 
 

 
 
 

(1) 
(E)-2-((2-

hydroxybenzylidene)amino)-
4-nitrophenol 

 

OH

N

HO

NO2

 
 

 
 
 

28.08 ± 
0.98b 

 
 
 

18.80 ± 
0.65b 

 
 
 

(2) 
(E)-2-((2-

hydroxybenzylidene)amino)-
4-methylphenol 

 

OH

N

HO

CH3

 
 

 
 
 

33.77 ± 
0.82c 

 
 
 

21.70 ± 
0.70c 

 
 
 
 

BHT 
 

 

(H3C)3C C(CH3)3

OCH3

OH

 
 

 
 
 

23.82 ± 
1.58a 

 
 
 

53.01 ± 0.85a 

*Values are expressed as means (n = 3). 

4. Conclusions 

Biodiesel has significance due to its ecologically sustainable attributes and cost-effectiveness as 
an alternative to conventional fossil derived diesel fuel. The outcomes of our research aimed at 
mitigating the inherent instability of biodiesel resulting from its heightened susceptibility to 
oxidation are outlined as follows: 

The results of the DSC are as follows: The utilization of both natural and synthetic antioxidants 
has been found to result in a notable increase in the crystallization temperature (Tc). Through the 
examination of multiple samples, it was determined that the crystallization temperatures exhibited a 
range spanning from -11.76 °C to -13.97 °C. Notably, lower temperatures were indicative of a higher 
degree of purity within the samples under investigation. The initiation of crystallization was 
determined by measuring the temperatures at which this process commenced. In the study 
conducted, various samples were analyzed, and their corresponding temperatures were recorded. 
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The sample labeled as D100 exhibited a temperature of -11.76 °C, while B30D70 displayed a slightly 
lower temperature of -11.87 °C. Furthermore, the sample B30D70BHT demonstrated a temperature 
of -12.03 °C, whereas B30D70_2 exhibited a slightly lower temperature of -12.73 °C. Lastly, the sample 
B30D70_1 displayed the lowest temperature among all the samples, measuring -13.97 °C. These 
findings provide valuable insights into the temperature characteristics of the different samples 
analyzed in this study. In the realm of crystallization, it has been observed that B30D70, B30D70BHT, 
B30D70_2, and B30D70_1 exhibit lower crystallization tendencies compared to D100. This 
phenomenon can be attributed to the incorporation of antioxidants, which effectively enhance 
oxidation stability in a corresponding order. The aforementioned statement implies that the 
substance in question possesses the characteristics of early crystallization, rapid oxidation, and a 
heightened susceptibility to oxidation. Hence, it can be observed that the stability of the characteristic 
increases in the same sequential manner. The findings indicate that the introduction of Schiff base_1 
resulted in an 87.78% rise in the crystallization point of the fuel blends, while the inclusion of Schiff 
base_2 led to a 72.16% increase in the crystallization point of the fuel blends.  

The results of the TGA are as follows: TGA results revealed that the oxidative degradation 
temperature range for the D100, B30D70, B30D70BHT, B30D70_2, and B30D70_1 samples occurred 
within the range of 25–275 °C. This degradation process took place in a single continuous step.  In 
the realm of thermal dynamics, it has been observed that during specific temperature ranges, the 
phenomenon of mass loss takes place. Recent studies have indicated that this occurrence transpires 
within the range of 98.09% to 99.44% for various samples under investigation. The curves exhibit 
remarkable similarities, however, with minor discrepancies in Tonset values observed among the 
biodiesel-diesel samples. 

The FT-IR technique was employed to identify probable functional groups present in the 
samples.  The biodiesel-diesel blends, namely B30D70_2 and B30D70_1, were found to have a 
decreased presence of functional groups as compared to other samples, such as B30D70BHT, due to 
the inclusion of 3000 ppm of Schiff bases. The discovery cited above suggests that the incorporation 
of Schiff bases into the composite has led to an enhancement in the oxidative stability of the mixture. 

The compounds' in vitro antioxidant properties were determined by conducting tests using the 
DPPH. free radical and ABTS•+ radical cation scavenging activities. These tests utilized a 
spectrophotometric method and scavenging techniques.  The IC50 values for the synthesized Schiff 
bases were found to be 28.08 ± 0.98 μg/mL and 33.77 ± 0.82 μg/mL, respectively, for the DPPH. free 
radical scavenging activity. The ABTS•+ radical cation scavenging activity was measured to be 18.80 
± 0.65 μg/mL and 21.70 ± 0.70 μg/mL, respectively. Out of the compounds that were evaluated, 
compound 1 showed the most favorable antioxidant activity based on the DPPH. free radical and 
ABTS•+ radical cation scavenging activity methods. As a result, molecules that contain electron-
withdrawing groups typically exhibit higher antioxidant activity against BHT for DPPH. free radical 
and ABTS•+ radical cation scavenging activities, when compared to structures that have electron-
donating groups. This suggests that a group of −NO2 molecules has a tendency to attract electrons. 
Additionally, a thorough investigation was carried out to analyze the relationships between the 
structure and activity of the compound. The investigation specifically focused on studying the 
presence and characteristics of substituents. 

In order to minimize or eliminate the disadvantages of biodiesel, which is used more efficiently 
instead of fossil diesel fuel, the above mentioned Schiff bases, which are more advantageous than 
antioxidants added to biodiesel, were synthesized and used as antioxidants. As a result of the 
experiments and the data obtained, it was observed that the use of Schiff base as an antioxidant 
increased the oxidative stability of diesel aspirated biodiesel mixtures at all concentrations studied. 

5. Patents 

This section is not mandatory but may be added if there are patents resulting from the work 
reported in this manuscript. 
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