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Abstract
The thermal behaviours and kinetics of biodiesels produced from beef tallow and corn oils were examined by using thermal 
analysis techniques (TG-DTG/DSC) at different heating rates in this study. The biodiesels were analysed with 1H-NMR 
and GC–MS techniques. It was seen that the biodiesel samples are composed of both saturated (Myristic acid C14:0, 
palmitic acid C16:0, stearic acid C18:0,) and unsaturated (Palmitoleic acid C16:1, oleic acid C18:1, linoleic acid C18:2) 
FAMEs from GC–MS analysis. Kinetic parameters for the combustion process of biodiesels were determined by using the 
iso-conversional model-free methods, KAS and FWO methods. The activation energy of beef-tallow biodiesel from KAS 
method is 86.11 kJ  mol−1, and from FWO method is 83.52 kJ  mol−1. The activation energy of corn-oil biodiesel from KAS 
method is 79.12 kJ  mol−1, and from FWO method is 90.07 kJ  mol−1. It was figured out that the activation energies of the 
biodiesel samples have values close to each other, and controlling reaction mechanism for both biodiesel samples by using 
master-plot method are power law  (P4). It was obtained CP (cloud point) and CFPP (cold filter plugging point) values from 
DSC analysis. CP values of biodiesel from beef tallow and corn oil are 16.1 °C and − 5.5 °C, respectively. CFPP values of 
biodiesel from beef tallow and corn oil are − 11.2 °C and − 6.7 °C, respectively. It was obtained from TG-DSC analysis that 
the origins of biodiesel samples on thermal behaviours are dominant at low temperatures (< 0 °C), yet the origins are not 
important at high temperature, and the combustion properties are the same as each other.
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List of symbols
A  Frequency factor or preexponential factor  (s−1)
E  Activation energy or apparent activation energy 

(kJ  mol−1)
R  Gas constant (8.314 J  mol−1  K−1)
T  Absolute temperature (K)
β  Heating rate (°C  min−1)
α  Conversion rate

Introduction

The rapid increase in the world population and urbanization, 
the interest and demand for energy resources is increasing 
day by day. Most of the energy we need is generally provided 
by petroleum-derived fossil fuels such as natural gas, coal, 

and gasoline. The resources are in abundance around the 
world. However, they have caused the high level of harm-
ful gaseous emission, the global warming, and the waste 
accumulation. The increase in their costs has urged people 
to research alternative fuels [1, 2].

Biodiesel, not resemble to diesel, shows itself as an alterna-
tive, attractive fuel, and environmentally friend (almost zero 
sulphur and low  CO2 contribution). Since its ignition tempera-
ture is higher than diesel, it is safer to store and transport, it can 
be used in diesel engines without any change and it extends 
the life of the engine because of its high lubricity. It can also 
be mixed efficiently with oils/fats and diesel fuels in certain 
proportions or used pure [3]. Contrary to all these advantages, 
the major disadvantage of biodiesel is its high cost [4]. It is 
obtained from vegetable oil and animal fat. However, when 
crude vegetable oils, which are already used in the food indus-
try, are used as biodiesel crude materials, the production cost 
increases even more. For this reason, the use of waste oils in 
biodiesel production is more preferred such as non-edible oils 
as potential feedstocks [5–7]. Since beef tallow is a waste oil 
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that is not preferred in the food sector, it is a good alternative 
as a biodiesel crude material [8].

The combustion behaviour, combustion mechanism, igni-
tion temperature and delay, etc., are very important parameters 
for a fuel [9]. In order to use biodiesel as a motor fuel, its 
thermal stability or oxidation behaviour with the temperature 
increase must be known in advance. If biodiesel has poor ther-
mal stability at high-temperature engine operations, it will lead 
to undesirable situations such as gum creation and it causes 
the storage problem [10]. Therefore, biodiesel produced from 
different oil/fat should be measured the properties such as 
thermal decomposition, activation energy, temperature and 
enthalpy of crystallization, thermooxidative behaviour and 
thermal stability, and specific heat using thermal analysis 
techniques [11–13].

The thermal analysis (TG-DTG/DSC) emerges as an aux-
iliary technique to determine and compare the combustion 
characteristics and the thermal stabilities of biodiesel obtained 
from different resources. The use of TGA analysis for the oxi-
dation of pure biodiesel or diesel/biodiesel blends has many 
advantages such as being able to work with a small amount 
of sample, being sensitive, fast and precise [14], and this tech-
nique can be used in esters’ boiling point determination and 
in monitoring the transesterification reaction [15]. In addition, 
TG analysis can find the differentials between both biodiesel 
and pollutants. Although biodiesel is a mixture of mono-alkyl 
esters, it generally decomposes within a certain temperature 
range. This feature provides both information on the purity 
of biodiesel and distinguishing between itself and its pollut-
ants. Differential scanning calorimetry (DSC), which is sensi-
tive, fast and repeatable, can be used as the thermo-analytical 
method to examine and determine the melting/crystallization 
properties of fuels [16], fats [17] and oils [18].

Thermal behaviour and combustion properties of fuels 
have been the subject of many researches [14, 19]. The TG-
DTG analysis of synthesized biodiesels is generally encoun-
tered in the literature, but there are fewer studies about the 
kinetics analysis and DSC cycle analysis. In this study, it is 
aimed to characterize, determine and compare the thermal 
properties and kinetics parameters of combustion process of 
biodiesels derived from corn oil (vegetable oils) and beef tal-
low (animal fats) by using thermogravimetric analysis meth-
ods. In addition, it was investigated in the study both high 
temperature and low temperature behaviours of biodiesel 
samples with the aid of thermal analysis.

Experimental

Materials

The beef tallow and corn oil used in the study were obtained 
from a local slaughterhouse and a local market in Erzurum, 

Turkey, respectively. The properties of the beef tallow and 
corn oil are given in Table 1. Methyl alcohol (Merck reagent 
of 99.9% purity) and potassium hydroxide catalyst (Flake 
reagent of 99.9% purity) were used during the biodiesel 
production.

Biodiesel production from beef tallow and corn oil

700 g of corn oil/beef tallow was put into a 1000-mL jack-
eted glass reactor and heated to 60 °C. A mechanical stirrer 
to mix the reactor contents, a condenser to prevent methanol 
loss and a constant temperature circulator to stabilize the 
temperature were connected to the rector. Potassium hydrox-
ide catalyst dissolved in methanol (KOH = 1% w/w of oil, 
methanol-to-oil molar ratio = 6:1) was added to the stirring 
reactor at 600 rpm and the transesterification reaction was 
started. At the end of the 2 h reaction time, the content of the 
reactor was transferred to a separator funnel and the glyc-
erin phase was separated from the bottom. The methyl ester 
phase (biodiesel) in the separator funnel was washed three 
times with deionized water for its purification (Fig. 1). It was 
placed in a rotary evaporator and kept there under vacuum 
at 80 °C in order to remove residual methanol. Elemental 
analysis of biodiesel samples produced from beef tallow and 
corn oil is shown in Table 2.

Analysis

Physicochemical properties

Saponification and iodine numbers of crude corn oil and 
beef tallow were determined by EN ISO 3657 and EN ISO 
3961, respectively. The physicochemical properties of crude 

Table 1  Properties of crude beef tallow and corn oil

Properties Beef tallow Corn oil

Density at 15 °C/g  cm−3 0.900 0.924
Iodine number 45.2 121.4
Saponification number 163 192
Acid value/mg KOH  g−1 1.09 0.72
Free fatty acids/as oleic acid.% 0.55 0.36
Fatty acid composition/mass%
 Myristic acid/C14:0 2.83 0.05
 Palmitic acid/C16:0 26.73 11.31
 Palmitoleic acid/C16:1 1.63 0.13
 Stearic acid/C18:0 29.46 2.34
 Oleic acid/C18:1n9c + Elaidic acid/

C18:1n9t
35.10 31.11

 Linoelaidic acid/C18:2n6t 1.55 53.23
 Others 2.7 1.83
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corn oil, beef tallow and biodiesel samples produced from 
them were determined according to relevant standards (EN/
ASTM). Density was measured by an automatic density 
meter (Rudolph Research Analytical. DDM 2909). Cloud 
point and pour point were analysed by using Seta Cloud and 
Pour Point Bath (11010-2). Kinematic viscosity was deter-
mined by using Koehler kV4000 series viscometer. The acid 
number was determined through the titration method using 
a KOH-ethanol solution.

Determination of fatty acid composition

Fatty acid compositions of crude corn oil, beef tallow and 
the biodiesel samples obtained by transesterification were 
analysed by a gas chromatograph (GC) system equipped 
with an auto-injector (SHIMADZU. QP 2010) and the 
RESTEK Rtx-Wax capillary column (60 m × 0.25 mm id.. 
0.25). The initial oven temperature was 140 °C for 5 min 
and was increased to 240 °C at a rate of 3 °C  min−1, then 
maintained for 17 min.

Thermal analysis

Thermogravimetric analyser (Perkin Elmer Pyris) for TG-
DTG/DSC analysis was used to better understand and char-
acterize the combustion profiles and the thermal stability 
of biodiesel samples. TG-DTG/DSC profiles were per-
formed in 25–600 °C at different heating rates (5, 10, 15 
and 20 °C  min−1) and in air atmosphere of 100 mL  min−1. 
The samples of approximately 30 mg were put in alumina 
pan. TG-DTG data were utilized to determine the kinetics 
parameters of biodiesel combustion process.

DSC cycle analysis

Approximately 10 mg of each oil sample was taken (with 
a precision of 0.01 mg) into the sample container made of 
 Al2O3. DSC analysis was performed on DSC 8500 Perki-
nElmer instrument. Firstly, samples were heated at a heating 

rate of 10 °C  min−1 from − 60 to 30 °C, then cooled from 30 
to − 60 °C at the same heating rate.

Results and discussion

Physicochemical properties of biodiesel samples

Some fuel properties of biodiesel samples produced from 
beef tallow and corn oil were determined by means of some 
of the EN 14214 and ASTM D 6751 standard specifica-
tions. The obtained results are given in Table 3. As shown in 
Table 3, biodiesel samples produced from both beef tallow 
and corn oil meet these standard specifications.

Determination of fatty acid composition of biodiesel 
samples

Fatty acid methyl ester (FAME) compositions of biodiesel 
samples produced from beef tallow and corn oil were also 
determined by GC. The FAME yields of beef-tallow and 
corn-oil biodiesels were 99.8% and 99.9%, respectively. 
Table 4 shows the list of major compounds in the biodiesel 
samples produced from beef tallow and corn oil. Accord-
ingly, the biodiesel samples are composed of both satu-
rated (Myristic acid C14:0, palmitic acid C16:0 and stearic 
acid C18:0) and unsaturated (Palmitoleic acid C16:1, oleic 
acid C18:1 and linoleic acid C18:2) FAMEs. As shown in 
Table 4, beef-tallow biodiesel mostly contains saturated 
FAMEs (about 60%), while corn-oil biodiesel mostly con-
tains unsaturated FAMEs (about 85%). This is an expected 
situation because vegetable oils contain more unsaturated 
fatty acids while animal fats contain more saturated fatty 
acids. The fatty acid profile of biodiesel is determined by 
the type of oil/fat from which it is produced. The amount of 
saturated and unsaturated fatty acids in the biodiesel may 
affect its general fuel properties [20]. The fact that corn-
oil biodiesel contains largely unsaturated fatty acid methyl 
esters positively affects its cold flow properties such as 

Fig. 1  The schematic diagram 
of transesterification process

700 g Corn oil /Beef tallow        →           KOH = 1% w/w of oil,               →        Transesterification reaction 
at 60 °C in jacketed glass reactor             methanol: oil molar ratio = 6:1                 for 2 h , 600 rpm stirring      

separator                                              purification 
→   glycerin phase,                         →       washing three times with  

methyl ester phase (biodiesel)                       deionized water 

Table 2  Elemental analysis of 
biodiesel samples

Biodiesel C H N S O Ash

Corn oil 73.82 11.09 – 0.35 14.74 –
Beef tallow 71.91 11.33 – 0.25 16.51 –
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viscosity, pour point and cloud point, which are important 
fuel properties [21].

1H‑NMR analysis

It is seen H-NMR spectra of biodiesel samples from beef 
tallow and corn oil in Figs.  2 and 3, respectively. The 
peak of 5.3 ppm indicates the alkene containing hydrogen 
 (CH2 = CH). This peak of biodiesel from corn oil is more 
prominent than the peak of biodiesel from the beef tallow. 
There are two distinct peaks demonstrating the presence of 
methyl esters in the biodiesels. The peak of alkoxy group in 
the methyl ester  (CO2CH3) is at 3.6 ppm, and the peak of 
ester α methylene group  (CH2CO2CH3) is at 2.3 ppm. The 
peak at 2.7 ppm is seen only in H-NMR spectra of biodiesel 
from corn oil and shows the presence of the two double 
bonds of the α-methylene group (C=CH–CH2–CH=C). 
In H-NMR spectra, the peak at 2.02 ppm is related to one 

Table 3  Physicochemical 
properties of biodiesel samples 
from beef tallow and corn oil

Properties Beef-tallow 
biodiesel

Corn-oil 
biodiesel

Europe EN 14214 ASTM
D 6751

Density at 15 °C/g  cm−3 0.88 0.89 0.86–0.90 0.575–0.900
Kinematic viscosity at 40 °C/mm2  s−1 5.84 4.62 3.50–5.00 1.9–6.0
Cloud point/°C + 15 − 9 – − 3 to + 12
Pour point/°C + 9 − 13 – − 15 to + 10
Flash point/°C 154 154 101 ≤ 130 ≤ 
Heating value/kJ  kg−1 42.99 37.46 – –
Acid value/mg KOH/g oil 0.4 0.11 < 0.5 < 0.8

Table 4  FAME compositions of produced biodiesel samples

FAME composition Concentration/mass%

Beef-tallow bio-
diesel

Corn-oil 
biodiesel

Myristic acid (C14:0) 2.83 0.05
Palmitic acid (C16:0) 26.73 11.31
Palmitoleic acid (C16:1) 1.63 0.13
Stearic acid (C18:0) 29.46 2.34
Oleic acid (C18:1n9c) + Elaidic acid 

(C18:1n9t)
35.10 31.11

Linolelaidic acid (C18:2n6t) 1.55 53.23
Others 2.70 1.83
Total 100 100

Fig. 2  1H-NMR of biodiesel 
from beef tallow
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double bond of the α-methylene group (=CH–CH2–), and 
the peak at 1.61 ppm indicates to the ester β-methylene 
group  (CH2–C–COOCH3). The sharp peak at 1.25 ppm 
shows the backbone of methylene (–CH2)n–) and the peak 
at 0.90 ppm is the terminal methyl protons (C–CH3) [22].

TG‑DTG analysis

TGA/DTG curves of biodiesel samples from beef tallow and 
corn oil are shown in Figs. 4 and 5, respectively. DSC graphs 
of biodiesel samples are in Figs. 6 and 7. TGA profiles were 
performed at heating rates of 5, 10, 15 and 20 °C  min−1 in 
air atmosphere. Examined TG results, it is seen that the 
curves shift to the right as the heating rate increases. The 

temperature difference between the biodiesel sample and the 
furnace causes the situation. Therefore, higher heating rates 
will rise that the ignition, peak-max and offset (burn-out) 
temperatures [23]. 

The ignition, peak-max and the offset temperatures being 
key features in determining the combustion behaviour of 
any fuel (coal, biomass and diesel/biodiesel) can easily be 
obtained from DTG graphs (Tables 5, 6). The temperatures 
inform in detail about the combustibility and thermal sta-
bility of biodiesels. The determination of peak-max tem-
perature (maximum mass loss rate) is very important. The 
samples with lower peak temperature can be easily ignited 
and burned [24] and when this temperature is high, the fuel 
is less reactive. The peak-max temperature increases as the 

Fig. 3  1H-NMR of biodiesel 
from corn oil
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Fig. 4  TG-DTG curves of biodiesel from beef tallow at different heating rates under air atmosphere
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heating rate increases. As stated before, the offset tempera-
ture of the biodiesels varies with increasing heating rate. As 
a fuel parameter, the offset temperature indicates the resi-
dence time and the completion of oxidation [25, 26].

At Figs. 4 and 5, it is understood that the oxidation pro-
cesses of samples have only one decomposition step under 
non-isothermal conditions. Although it looks like a single 
step in the TG curve of biodiesel from corn oil, its DTG 
curve shows actually two consecutive events. They are the 
consecutive reactions that indicate of the decomposition of 
the fatty acid methyl ester (FAME) compositions (especially 
linoelaidic acid 53.23%, oleic acid 31.11%). In the literature, 
it is expressed that the boiling point of linoelaidic acid is 
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Table 5  Tig, Tpeak-max and Toffset temperatures of biodiesel sample 
from corn oil

Heating 
rate/°C  min−1

Tig/°C Tpeak-max/°C Toffset/°C

5 195 239 272
10 205 258–263 288
15 225 270–303 313
20 240 288–303 318

Table 6  Tig, Tpeak-max and Toffset temperatures of biodiesel sample 
from beef tallow

Heating 
rate/°C  min−1

Tig/°C Tpeak-max/°C Toffset/°C

5 195 239 272
10 200 265 288
15 220 269 293
20 235 286 311
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229–230 °C, oleic acid is 360 °C, and the flash point of 
linoelaidic acid is 112 °C, oleic acid is 189 °C. In addition, 
it is exhibited that linoelaidic acid decomposes at 280.7 °C 
[27]. The flash point stearic acid and palmitic acid, which 
are mainly components of beef-tallow biodiesel, are 113 °C 
and 206 °C, respectively. DSC graphs (Figs. 6, 7) illustrate 
already the exothermic situation not the endothermic in the 
temperature range. Therefore, it should be mentioned the 
combustion/oxidation process in the temperature range.

At Tables 5 and 6, when it is examined the temperatures 
at 10 °C  min−1 heating rate of both biodiesel samples, it is 
seen that the ignition temperature of biodiesel from corn 
oil is 205 °C, and biodiesel from beef tallow is 200 °C. The 
offset temperature of biodiesel from corn oil and beef tal-
low is 288 °C. According these values, the biodiesel from 
corn oil compared to the beef tallow. It can be explained that 
are almost same the thermal stabilities and the ignition and 
peak-max temperatures. The offset temperature of biodiesel 
from corn oil is slightly higher than beef tallow. It means 
that the oxidation time will take a little longer. In the litera-
ture, it is found that the ignition temperature of the biodiesel 
from Pongamia oil for 10 °C  min−1 is 190 °C and the offset 
temperature is 340 °C [10].

Biodiesel is a mixture of mono-alkyl esters and gener-
ally decomposes within a certain temperature range. In TG 
analysis, the feature can be used to obtain the information 
on the purity of any biodiesel. For example, at heating rate 
of 5 °C  min−1 the combustion of the biodiesel from beef tal-
low occurs in the temperature range of 195–272 °C. In the 
literature, the European Standard UN 142146 states that the 
minimum purity of a fresh biodiesel is approximately 96.5% 
[28]. For both biodiesels, the mass losses having only one 
step are approximately 99%. As will be understood from 
TG-DTG graphs, it can be said that the biodiesel samples 
are relatively pure, since they decompose with a mass loss 
of 99% in narrow temperature range. As a result of GC, 
the mass loss corresponds to the combustion of oleic acid, 
linoelaidic acid being the most abundant component in the 
corn-oil biodiesel, and the palmitic acid, stearic acid, and 
oleic acid in the beef-tallow biodiesel. According to all the 
heating rates, the biodiesel samples ignite and oxidize com-
pletely at in narrow and low temperature range. Therefore, 
it would not cause any difficulty for the utilization of syn-
thesized biodiesels as an alternative fuel at the compres-
sion–ignition engine conditions.

DSC cycle analysis

For DSC cycle analysis, biodiesel samples were heated in 
the air condition from − 60 to 30 °C at a heating rate of 
10 °C  min−1 and then cooled from 30 to − 60 °C at the same 
heating rate. DSC melting/crystallization cycles obtained for 
biodiesel samples are shown in Figs. 8 and 9, respectively.

Firstly, it is seen that according to the heating curves, 
both biodiesels have two endothermic peaks. The peak tem-
peratures of biodiesel from beef tallow can be referred as 
the melting process of unsaturated compounds at − 32.3 °C 
(linoleic acid) and saturated compounds at 18.8 °C (oleic 
acid) in Fig. 8 [29, 30]. In addition, the peaks of biodiesel 
from corn oil can be referred as the melting of unsaturated 
(− 46.5 °C) and saturated (1.0 °C) compounds. Secondly, in 
the cooling curves, it is obtained the state transitions hav-
ing two exothermic peaks. The crystallization of saturated 
compounds is represented itself by two exothermic peaks at 
− 11.2 and − 15.3 °C, and the crystallization of unsaturated 
compounds is at − 51.5 °C for the biodiesel from beef tallow. 
The crystallization peaks of biodiesel from corn oil are seen 
as the saturated compounds at − 6.7 °C and − 10.2 °C and 
unsaturated at − 58.6 °C.

The crystallization temperature is an important factor to 
prepare diesel/biodiesel mixes and to evaluate the behaviour 
of biodiesel in colder climate regions. The crystallization 
temperature of biodiesel from corn oil is higher than the 

–20 Endo

D
SC

/m
W

–15

–10

–5

0

5

10

–60 –40 –20
Temperature/°C

0 20 40

Mel�ng

Crystalliza�on

Fig. 8  DSC cycles of biodiesel from beef tallow: heating–cooling 
curves at 10 °C  min−1 heating rate

–30

D
SC

/m
W

–20

–10

0

10

20

–60 –40 –20
Temperature/°C

0 20

Endo  

Mel�ng

Crystalliza�on 

Fig. 9  DSC cycles of biodiesel from corn oil: heating–cooling curves 
at 10 °C  min−1 heating rate



9032 T. H. Doğan, J. Naktiyok 

1 3

biodiesel from beef tallow. The large peak of the biodiesel 
from beef tallow in heating curve is a signal of the content 
significantly higher of saturated fatty acids. Unlike, the large 
peak of the biodiesel from corn oil in cooling curve is a sig-
nal of the content significantly higher of unsaturated fatty 
acids [31]. In the literature, it is stated that cloud point (CP) 
and cold filter plugging point (CFPP) can be determined by 
DSC analysis [32]. CP value is the onset of crystallization 
peak, and CFPP value is the maximum value of the exo-
thermic peak. Then, these values can be get on the cooling 
curve. CP values of biodiesel from beef tallow and corn 
oil are 16.1 °C and − 5.5 °C, respectively. CFPP values of 
biodiesel from beef tallow and corn oil are − 11.2 °C and 
− 6.7 °C, respectively. The important temperature values 
are required to characterize and classify different origin 
biodiesels.

Kinetics analysis

Model‑free methods

Kinetics analysis for the decomposition processes of bio-
diesel samples was performed from the TG-DTG results at 
different heating rates. The conversion values (α) for each 
temperature were obtained from TG data. The activation 
energies (Ea) of samples were calculated by model-free 
methods, KAS and FWO methods [33, 34]. Ea was obtained 
from the graph of ln (β/T2) versus 1000/T at KAS method 
[35, 36] and the graph of ln β versus 1000/T at FWO method 
[37, 38]. The calculated activation energies (Ea) are shown 
in Table 7. At Figs. 10 and 11, it is seen that the linear fit 
plots are nearly parallel, which indicates that by using the 
KAS and FWO methods.

Ea (average) for the decomposition of biodiesels from 
corn oil and beef tallow is found as 79.12 kJ   mol−1 and 
86.11 kJ  mol−1 from the KAS method, respectively. Ea is 
found as 83.52 kJ  mol−1 and 90.07 kJ  mol−1 from the FWO 
method, respectively. In the literature, the activation energies 

corresponding to the combustion process of the biodiesel 
from canola oil were found as 117 kJ  mol−1 by KAS method, 
and 123 kJ  mol−1 by FWO method [19].

Mechanism of reaction

It was performed the master-plots method being a graphi-
cal analysis for identifying the reaction mechanism of the 

Table 7  Activation energies 
(kJ  mol−1) calculated by KAS 
and FWO methods

α Beef-tallow biodiesel Corn-oil biodiesel

KAS R2 FWO R2 KAS R2 FWO R2

0.1 69.10 0.9898 66.78 0.9960 62.29 0.9951 73.14 0.9919
0.2 76.00 0.9907 72.39 0.9992 67.82 0.991 80.07 0.9926
0.3 80.73 0.9903 79.76 0.9980 75.35 0.9976 84.78 0.9922
0.4 84.03 0.9902 82.84 0.9979 78.42 0.9974 88.07 0.9921
0.5 86.98 0.9925 88.18 0.9934 83.93 0.9919 91.00 0.9939
0.6 96.26 0.9999 89.80 0.9934 85.53 0.9920 99.89 0.9999
0.7 99.95 0.9989 90.89 0.9936 86.59 0.9921 103.47 0.9990
0.8 87.88 0.9902 90.15 0.9954 85.71 0.9943 92.15 0.9921
0.9 94.00 0.9976 90.87 0.9925 86.37 0.9909 98.04 0.9980
Mean 86.11 83.52 79.12 90.07
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beef tallow for 0.1–0.9 conversion fraction (α) values
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biodiesel samples at decomposition region. The method uses 
0.5 conversion value as a reference point.

It is plotted theoretical values [g(α)/(g(0.5)] versus each 
conversion value and also experimental values [p(u)/p(0.5)] 
versus each conversion value. At the choice of the mecha-
nism best suited to experimental data, it should pay attention 
to be equal to between theoretical values and experimental 
values [39, 40].

In the literature, it is stated that the kinetics study for a 
homogenous reaction (gas or solution phase) intends gener-
ally to supply the rate constants and reaction mechanisms 
that define the advance of all reactions. The reaction mech-
anisms display in detail the conversion of any reactant to 
product [40, 41].

It is seen that the calculated experimental data for bio-
diesel samples were appropriate to the theoretical data of 
power law  (P4) kinetic mechanism at Figs. 12 and 13.  P4 

(1)
g(�)

g(0.5)
=

p(u)

p
(

u
0.5

)

kinetic mechanism takes into account the constant nuclei 
growth without thought to growth restrictions and is gen-
erally used at the analysis of the acceleratory period of a 
curve [41].

Conclusions

In the study, it was obtained biodiesel samples from two 
different origins and renewable resources. The biodiesel 
from beef tallow that is waste oil was compared to the bio-
diesel from corn oil that is continuously investigated by 
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Fig. 11  FWO curves of synthesized samples from a corn oil and b 
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researchers, based on the thermal and combustion behav-
iours. Structural properties of the obtained biodiesels were 
tried to be determined by GC–MS and H-NMR analyses. 
Combustion behaviours were monitored by TG-DTG-DSC 
analyses. At high temperature, although the biodiesel from 
beef tallow generally composes of saturated compounds 
and the biodiesel from corn oil composes to unsaturated 
compounds, both display the same combustion properties 
(activation energy, combustion mechanism, ignition/offset 
temperature, etc.) On the contrary, the origins of biodiesel 
samples show their effects particularly at low temperatures 
(> 0 °C). The temperatures such as cloud point (CP) and 
cold filter plugging point of biodiesel samples are quite dif-
ferent from each other. All these evaluations were made with 
the help of thermal analysis (TG-DTG/DSC).

The average activation energy for the combustion 
of biodiesels from corn oil and beef tallow is found as 
79.12 kJ  mol−1 and 86.11 kJ  mol−1 from the KAS method, 
respectively. It is 83.52 kJ  mol−1 and 90.07 kJ  mol−1 from 
the FWO method, respectively. The controlling reaction 
mechanism is power law P4 model. In short, it was observed 
that the combustion behaviours of biodiesel samples in the 
study were independent of the origin of the oil. Future 
research has been aimed that it can be realized under vari-
ous engine operating conditions such as engine performance, 
exhaust emission and combustion behaviour, injection pres-
sure, compression ratio, and injection time of internal com-
bustion engines using biodiesel from beef tallow.
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