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Abstract

Biodiesel consists of long chain fatty acid esters derived from vegetable oils, animal fats, and used
oils. Biodiesel contains different types, amounts, and configurations of unsaturated fatty acids,
which are prone to oxidation. Biodiesel stability is affected by its interaction with atmospheric
oxygen, light, temperature, storage condition, and factors causing sediment formation. It can be
classified broadly into three types: oxidation stability, thermal stability, and storage stability.
Oxidative degradation occurs in biodiesel upon aerobic contact during storage, as well as contact
with metal contaminants. Thermal instability focuses on the oxidation rate at higher temperatures,
which is characterized by the formation of insolubles and increase in the weight of oil and fat.
Storage stability is concerned with interaction between the physical and chemical characteristics
of biodiesel with environmental factors, such as light, metal contamination, color changes, and
sediment formation. Antioxidant concentration greatly influences engine performance and

emission. The BSFC of biodiesel fuel with antioxidant is less than that of fuel without antioxidant.
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Moreover, an antioxidant can significantly reduce NOx formation during engine operation. Among
the available synthetic antioxidants, only three antioxidants (TBHQ, PY, and PG) can significantly
increase biodiesel stability. This article presents an overview of the stability of biodiesel, including
the methods available for the prediction of its different stability properties. Feasible remedies to

improve the stability of biodiesel and the effect of antioxidants in stabilized blends on engine
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performance and emission are also discussed.

Keywords: Biodiesel, Oxidation stability, Thermal stability, Storage stability, Performance,

Emission, Antioxidant

Nomenclature

ASTM
AV
AOM
APE
AH
AACC

BHA
BHT
BAPE
BP
BSFC
CO
CA

DI
DPF
D
DSC
EDTA
EHN
FAME
FFA
HC

v

IP
NOx
oT
OX

American standard test method
Acid value

Active oxygen method

Allylic position equivalent
Antioxidant

American association of central
chemists

Butylated hydroxyanisole
Butylated hydroxytoluene
Bis-allylic position equivalent
Break power

Break fuel specific fuel consumption
Carbone monoxide

Citric acid and caffeic acid

Direct injection engine

Diesel particulate filter

Density

Differential scanning calorimetry
Ethylenediamine tetraacetic acid
Ethylhexyl nitrate

Fatty acid methyl ester

Free fatty acid

Hydro carbon

lodine value

Induction period

Nitrogen oxides

Oxidation temperature
oxidizability
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Osl Oil stability index
PDSC  Pressure differential scanning

calorimetry
PAO polyalpholefins
PY Pyrogallol
PG Propyl gallate
PV Peroxide value
RIP Rancimat induction period

TAN Total acid value
TGA Thermogravity analysis
TBHQ  Tert-butylhydroquinone

TDI Terbocharged direct injection
THC Total hydro carbon
\/ viscosity

1. Introduction
Biodiesel is defined as a vegetable oil- or animal fat-based diesel fuel consisting of long chain
alkyl esters. Biodiesel is produced by chemically reacting lipids (e.g., vegetable oil, animal fat)
with an alcohol to produced fatty acid esters 1 2. The fatty acid profile of biodiesel corresponds to
that of parent oil or fat, which is a key factor that influences its fuel characteristics. The stability
of fuel refers to its resistance to the degradation processes that can change its fuel properties and
make it inapplicable as a fuel > 3. A fuel is considered unstable when it undergoes changes, such
as oxidation or autoxidation in the presence of oxygen in ambient air, thermal or thermal-oxidative
decomposition because of heat, hydrolysis when in contact with water or moisture in tanks and
fuel lines, microbial contamination from water droplets containing bacteria or fungi, or migration

of dust particles into the fuel *°.

The stability of biodiesel includes the aspects of oxidation, thermal, and storage stability.
Oxidation stability is the tendency of fuels to react with oxygen at ambient temperature & 7.
Biodiesel degradation prior to combustion in diesel engine is affected by different factors, such as

nature of the original lipid feedstock, biodiesel production process, storage and handling


http://en.wikipedia.org/wiki/Diesel_fuel
http://en.wikipedia.org/wiki/Alkyl
http://en.wikipedia.org/wiki/Ester
http://en.wikipedia.org/wiki/Lipids
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conditions, fuel additives and impurities, conditions within the fuel tank, and fuel distribution
system 811, Thermal stability involves the measurement of the tendency of a fuel to produce
asphaltenes when exposed to high temperature conditions; asphaltenes are tar-like resinous
substances generated in the fuel, and these substances plug the fuel filters of engines when used as
fuel 1213, The temperature has a significant effect on oxidative degradation because it enhances
the rate of degradation. Unstable oxidation products can attack elastomers 4. The oxidation of
biodiesel prompts the development of hydroperoxides, which can assault elastomers or polymerize
to form insoluble gums. Oxidation products, such as hydroperoxides and carboxylic acids, can

function as plasticizers of elastomers?®.

Storage stability describes the general stability of the fuel under long-term storage. Oxidative
degradation is perhaps one of the initial concerns of storage stability, but microbial growth and
water contamination are definite issues of storage stability in the long run °.

Several previous studies have already investigated the oxidation, thermal, and storage stability of
biodiesel 1°. Few review articles have analyzed different aspects of biodiesel stability together
with the effects of oxidation inhibitors on engine performance and emission 2923, Several test
methods have been devised to measure the stability of biodiesel; these methods involve the
treatment of fatty oil or ester under elevated temperature, time, and oxygen exposure while
measuring one or more oxidation-sensitive properties, such as peroxide value, insolubles,
evolution of volatile short chain fatty acids, or heat of reaction %24 25, However, no simple stability
test or single stability parameter currently exists to sufficiently indicate all the stability features of
biodiesel fuel. A single new test that can completely define biodiesel stability is highly improbable
because different tests have various functions. The present paper attempts to review the work

conducted on the oxidation, thermal, and storage stability of biodiesel, various test methods, and
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improvement of biodiesel stability. This article focuses on a comprehensive study of three different
aspects of biodiesel oxidation stability, the methods applied to improve it, effect of oxidation
inhibitors (i.e., antioxidants) on stability, and influence of antioxidant-treated blend on diesel

engine performance and emission characteristics.

2. Different aspects of biodiesel stability
Biodiesel stability is affected by interactions with atmospheric oxygen, light, temperature, storage
conditions, and factors causing sediment formation®®. Biodiesel produced from vegetable oils and
other feedstocks possess lower stability compared with petroleum-based diesel because of the
unsaturated fatty acid content, such as linoleic and linolenic acids, on the fatty acid profile of the
parent feedstock?’. Biodiesel stability depends on different fatty acid compositions. Most plant-
derived fatty oils contain poly-unsaturated fatty acids that are methylene-interrupted rather than
conjugated. This structural property is essential to the understanding of the stability. Thus, the
instability of biodiesel can be divided into three aspects, namely, oxidative, thermal, and storage
instability. The instability of biodiesel is dependent on the quantity and configuration of the
olefinic unsaturation in the fatty acid chains.

2.1. Oxidation stability
The oxidation of fatty acid chain is a complex method because of its various applications 2. The
oxidation of biodiesel is caused by unsaturation in fatty acid chain and existence of double bonds
in the fatty acid molecule, which exhibits high levels of reactivity with O, particularly when
exposed to air or water. Unsaturated fatty compounds are used to mitigate oxidation stability,
because low amounts of more highly unsaturated fatty compounds have a disproportionately strong

effect in reducing oxidation stability?®. Hence, the oxidation mechanism can be explained by two
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categories, namely, primary oxidation and secondary oxidation. Numerous researchers have
investigated the chemistry of primary and secondary oxidation 2  10. 14,3048 "Several studies have
reported that vinyl polymerization involves higher molecular weight oligomers of fatty oils or ester
formation % 3 Primary oxidation occurs through a set of reactions categorized as initiation,
propagation, and termination 2. As shown in Fig. 1, the first set includes the elimination of
hydrogen from a carbon atom to make a carbon free radical. If diatomic oxygen is present, the
consequent reaction to form a peroxy radical becomes enormously fast, even not allowing
substantial alternatives for the carbon-based free radical 3> *. Carbon free radicals are more active
than peroxy free radicals. However, peroxy free radical is adequately reactive to fast abstract
hydrogen atom to form another carbon radical and hydroperoxide (ROOH). The newly formed

free carbon radical can react with diatomic oxygen and continue the propagation cycle.

Initiation: RH+I-— R- + IH

Propagation: R- +O2 — ROO-
ROO- + RH — ROOH + R-
Termination: R-+R-— R-R
ROO- + ROO- — Stable products

Fig: 1. Basic oxidation reaction

During the induction period, the ROOH residue concentrations remains low until a certain time

interval, and the oxidation stability of fatty acid or biodiesel can be determined under stress

conditions °.
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For the whole oxidation system, the ROOH level increases very quickly until the initial period is
reached # During the initial period, ROOH can directly or indirectly change the properties of fatty
oils and biodiesels 32. The maximum level of ROOH forms at 300-400 meq Oz/kg at any ROOH
concentration profile peak, although the level of higher ROOH has been investigated *°. The fatty
acid reacts with the molecular oxygen and produces unstable peroxide radical (ROO.), which
further reacts with the original substrate RH. The transfer of a hydrogen atom from fatty acids to
a peroxide radical will result in the formation of a fatty acid hydroperoxide (ROOH). The radical
chain reaction is shown in Eqg. (1), in which the reaction with oxygen results in the formation of a
new fatty acid radical (R.), because of the addition of fatty acid hydroperoxide (ROOH) and self-

sustaining chain reaction.

R-+ O, — ROO-

ROO- + RH — ROOH + R (1)

The termination step is achieved when two free radicals react and form stable products, as shown

in the following equations.

R-+R-—R-R (@)

ROO-+R0O0-—stable products 3)

When an adequate concentration of radical species is available, the probability of two radicals
colliding is very high . Peroxyl radicals (ROO.) can produce peroxyl-linked molecules(R—-OO—
R) and liberating oxygen as follows in reaction (4)

ROO+ROO—R-00-R+0; )


http://www.sciencedirect.com/science/article/pii/S1364032112004170#eq0040
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The ROOH concentration remains very low during the primary period of oxidation until a certain
time interval, and this time period is often referred to as the induction period (IP), The presence of
temperature and oxygen pressure during IP is identified by the comparative exposure to oxidation
of TAG or alkyl ester, thereby signaling the onset of rapid oxidation; the ROOH level rapidly
increases when the IP has elapsed 1 The hydroperoxide (ROOH) levels can either peak and then
decrease or increase and plateau at a steady state as oxidation progresses. Although issues, such as
extent of earlier oxidation, temperature, oxygen availability, and incidence of metal catalysts, are
likely involved in these phenomena, the explanations for the two different activities remain
unclear. ROOH disintegration continues because of a peak in ROOH concentration. Insufficient
levels of oxygen can slow or even stop ROOH formation. Similarly, different factors, such as
higher temperature and presence of hydroperoxide decomposing metal catalysts (e.g., copper and
iron), which increase the ROOH decomposition rate, can influence ROOH concentration. At 300—
400 meq Oz/kg, maximum ROOH levels typically form % ! although higher ROOH levels have

been observed

Numerous secondary oxidation products, including short chain carboxylic acids, alcohols, high
molecular weight oligomers, and aldehydes, form even at ambient temperature during the
secondary oxidation stages, whereas hydroperoxides (ROOH) continue to decompose and interact
%0 The secondary products are produced in different ways. Several studies reported various
secondary oxidation products observed from different experiments using biodiesel, such as 25
different aldehyde compounds during vegetable oil oxidation, including hexenals, heptenals,
propane, pentane, and 2,4-heptadienal. 2>, Polymeric species form with the involvement of fatty
acid chains. Trimmers or tetramers are smaller than polymeric spices !, although the open

literature does not explain the reason for this difference. Polymer formation increases viscosity.
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C-0O-C and C-C linkages produce fatty acids, esters, and aliphatic alcohols. Hasenhuettle
explained the decomposition mechanism of hydroperoxides to shorter chain fatty acids, such as
formic acid. Table 1. demonstrates the oxidation stability or IP and unsaturated fatty acid
composition for methyl esters of distinctive oils. These data were collected from the literature, and
the details of oxidation of a specific biodiesel (ethyl linolate ester) are illustrated in Fig 2. Step 1:
Hydrogen abstraction from the allyl group. Step 2: Oxygen attack at either end of the radical center,
producing intermediate peroxy radicals. Step 3: Monohydroperoxide formation. Step 4: Partial

decomposition of the initially formed monohydroperoxides into oxo-products and water.
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H3C/\O CHg
i
H3C/\O CH,
i I i i
H3C o CH3 ch/\o \ CHs
+ +
H,0 H,O

Fig. 2. Scheme of radical oxidation of ethyl linoleate ester 52 53

Table 1. Fatty acid composition for different biodiesel and their stabilities.

Saturate

Sl Stabilit  d fatty Unsaturate

no. Type of Biodiesel y(h) acid d fatty acid Ref.
1 Palm 4.0 44.7 55.3 54

2 Olive 3.3 15.7 84.4 54

3 Peanut 2.0 15.6 88.4 40

4  Rape 2.0 6.5 93.6 40

5  Soyben 1.3 15.3 84.7 40

6 Sunflower 0.8 11.1 88.9 40
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10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41

GRAPE

H.O. Sunflower
Almond

Corn

Crude palm
Distilled Palm
Used frying

Spent bleaching earths
Palm

Croton

Moringa

Jatropha
Undistilled Rapseed
Distilled rapseed
Sunflower

Distilled Sunflower
Undistilled used frying
Distilled used

Beef tallow
Distilled Tallow
Safflower

Jatropha
Pomngamia
Safflower
Soyabean
Soyabean

Palm

Crude palm

Palm

Soy

Rapseed

Ground nut

Corn

Pongamia

Castor

0.5
1.2
3.0
1.2
25.7
3.52
3.42
14.59
23.33
4.04
5.05
10.43
9.1
3.4
3.4
1.2
5.9
3.5
1.2
0.4
0.86
3.23
2.35
1.73
3.8
4.87
13.37
25.70
15.4
1.3
7.8
2.0
1.2
2.54
3.18
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11.3

9.3
13.9

50.6
48.73
20.1
41.4
83.8
9.6
21.6
22.4
9.69
6.23
11.7
11.42
20.25
17.17
41.11
50.4
10.9
21.1
16
11.6
15.5
23.3
43.4
50.6
83.8
15.3
64.5
15.6
8.0
16.0
3.49

88.5
90.5
86.4
91.7
43.4
51.27
79.9
58.6
9.9
90.3
78.3
77.6
90.32
93.64
87.92
88.58
77.6
80.94
55.76
45.01
89.1
78.9
84
88.4
84.5
76.7
56.6
49.22
9.9
84.7
29.7
84.4
91.7
84
94.58

40

40
40
40
55
41
56
42
42
57
43
43
58
44
44
44
44
44
44
44
59
48
48
48
48
60
49
49
61
50
62
51
51
51
51
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2.1.1. Characterization of oxidation stability

A number of different matrices are characterized for oxidation stability. Different test processes
have been developed to determine oxidation stability. Such test methods are categorized based on
their application. A single method for identifying the stability of biodiesel is currently unavailable.
Some methods can determine the tendency to oxidize materials, and others can specify the level
of oxidation products 2 .The relative resistance to oxidation of a fuel can be assessed over a
measured time by monitoring oxidation product levels. Additional elaborate tests to accelerate
fuel, such as oxidation, are usually conducted to control oxygen exposure at higher temperatures®?,
For example, acid levels may be continuously monitored and quantities of filterable insoluble
materials may be measured in such tests. Moreover, the rate of the progression of oxidation can be
determined.

Different techniques can be used for the characterization of oxidation stability depending on the
parameter being measured, such as physical properties, initial fatty oil composition, other
parameters indicative of relative stability, primary oxidation products, and secondary oxidation
products 2.To characterize the oxidation stability of biodiesel, the following techniques can be
used 2 compositional analysis (gas or liquid chromatography), free and total glycerol content, FFA,
various structural indices (such as APE, OX, iodine value, BAPE, and electromagnetic
spectroscopy), product levels of primary oxidation (peroxide value), product levels of secondary
oxidation (anisidine value, aldehyde content, attendance of quantities of filterable insoluble
materials, total acid number and polymer levels), physical properties (density and viscosity), and
accelerated oxidation (Rancimat IP or oil stability index and pressurized differential scanning
calorimetry). To monitor oxidation progression, few measurements are suitable because the

peroxide value initially increases but decreases upon further oxidation as the peroxide reacts to
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form secondary products. In most cases, the peroxide value increases with time 3°.No perfect test
method can identify the characteristics of biodiesel, and the likelihood that any one new test will
be able to completely define biodiesel stability is very low 1 Therefore, several measurement test
methods are used to adequately characterize oxidation stability, and these methods are discussed

below.

(a) Analysis of the IR spectra
The usual determination methods of oxidation stability are slow, tedious, and time consuming, as
evident from the aforementioned discussions. Comparatively, IR is an easy, simple, and fast
technique for sample analysis. Furlan et al. ® investigated biodiesel oxidation using IR
spectroscopy °2. In their report, the IR spectra were highly affected by degradation because
hydroxyperoxides, alcohol, acids, aldehydes, and ketones formed during oxidation. Given the
additional formation of carbonyl groups upon oxidation, monitoring of the band associated with
the second harmonic of the carbonyl in the region between 3500 and 3400 per centimeter is helpful
to evaluate biodiesel stability. The oxidation of soybean and crambe biodiesel has been analyzed
by FTIR measurements, and more carbonyls are formed in soybean biodiesel compared with

crambe biodiesel, which shows the less stable nature of soybean biodiesel to thermal stress *

Conceio et al. & investigated the thermal and oxidative degradation of castor oil biodiesel > based
on thermogravimetric and calorimetric profiles. Their group also analyzed spectroscopic data.
Castor oil and biodiesel contain ricinoleic acid as the major component, which contains a hydroxyl
group and displays additional IR bands at 3440, 850, and 1000 per centimeter. The IR spectrum of
degraded samples at 210 °C indicates oxidation by displaying a decrease in the intensity of the

bands at 3007 and 724 per centimeter because of the decrease in unsaturation, representing
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oxidative polymerization. Both near IR (NIR) and middle IR (MIR) spectroscopy are successful
in monitoring the quality and stability of biodiesel and its blends with diesel fuel %% 7, In
connection with multivariate calibration, MIR and NIR are employed in analyzing the quality of
pure biodiesel (B100) and the transesterification reaction *"* 7>, Multivariate NIR spectroscopy
has been used to evaluate biodiesel stability by analyzing various fuel properties, such as the 1V,

water content, CFPP, kinematic viscosity, methanol content, density, and AV. 475

(b) The Active Oxygen Method
AOM is widely used in measuring the oxidation stability parameters. It is most suitable method to
measure the peroxide value (PV). In this method, the sample is heated at a certain temperature and
continuously bubbled at a particular flow rate. The specific PV is measured at a suitable time when
oxidation is initiated and exposed to air. AOM ® is one of the oldest methods to determine the
stability of biodiesel. It has been used for 60 years with various modifications’’82, AOM uses a
very simple system, in which the oil specimen is heated at an arranged temperature while bubbling
waterless air at a fixed rate. The trend in PV varies with time because the peroxides undergo rapid
degradation. Thus, PV measurement is not a suitable method for monitoring the oxidation stability.
However, AOM is very labor intensive, requires chlorinated solvents, and provides inconsistent

findings.

(c) Rancimat method (EN 14112)
The Rancimat method is one of the most effective methods for determining the oxidation stability
of biodiesel. For the Rancimat method, FAMEs of the samples are initially oxidized to peroxides
as the primary oxidation products. To form the secondary oxidation products, the peroxides are

completely decomposed. The decomposition products are mainly composed of formic acid, acetic
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acid, volatile organic compounds, and low molecular weight organic acids. Based on the American
Oil Chemists’ Society (AOCS), the Rancimat method is also the usual and official method for
determining the oxidative stability of oils and fats. In this method, the temperature range is usually
limited to a maximum of 130 °C ®, In a brief experiment, the sample is first heated at 110 °C. In
this process, the oxidation of the sample occurs because the air is bubbled in the sample, thereby
releasing some gases with the air. Subsequently, deionized water is passed in the flask. The flask
is connected to an electrode to measure the conductivity of the solution. The IP is measured in this
process. In this case, the IP is noted as the time at which the conductivity starts to increase very
quickly. The continuous measurement of conductivity results in an oxidation curve. The point of
inflection in this curve is known as the IP. Volatile acidic gases, such as formic acid, acetic acid,
and other acids, are produced by oxidation and absorbed in water, which is the main reason for the
increment in conductivity and IP measurement 17-82.84 ' A modified Rancimat test can also be used

for the determination of the storage stability of samples .

Several writers have investigated the work conducted on oxidation stability using the Rancimat

test. The BIOSTAB #° project compared ASTM 2274 and Rancimat test, as show in Fig. 3

—ip— filt
== adh

Insolubles
[FT]
o

R® = 0.5099 b total

a1 0 5 10 15 20 25 30
Induction period {hr}
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Fig. 3. Comparison between ASTM 2274 and Rancimat induction period®?

This project demonstrated the relationship between the filterable adherent and total insolubles with
the IP. Fig. 3 indicates that the total and filterable insolubles exhibit good agreement with the

Rancimat IP. For this reason, both methods can be used effectively and interchangeably.

(d) Petro OXY method (ASTM D 7545)

Oxidation stability was determined using Petro OXY equipment from Petro test Instruments
GmbH & Co. The experimental conditions were the same as those specified by the ASTM D7545
method (temperature, 140 °C; initial oxygen pressure, 700 kPa; and sample volume, 5 mL). In this
method, the oxidation stability of the fuel is directly measured by the time needed to achieve a

fixed pressure drop 8.

(e) Low pressurized differential scanning calorimetry

The oxidative induction time of biodiesel blends with antioxidants was measured using a pressure
differential scanning calorimeter (PDSC; model P-20 Q-DSC from TA Instruments) that was
previously calibrated using indium metal as standard 8. PDSC analyses were conducted using an
open 110l L platinum pan for sample and reference. Approximately 3.0 mg of sample was
employed in each analysis, with static air at 80 psi (551 kPa). The samples were heated from
ambient temperature to 110 °C at a heating rate of 10 °C min~1. An isotherm was applied at this
temperature until a significant oxidation step of the material occurred . This step was indicated
by a significant exothermic DSC peak, whose respective onset time is called the oxidation

induction time °°,

2.2. Thermal stability
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Thermal stability refers to the stability of a molecule at high temperatures; a highly stable molecule
has more resistance to decomposition or oxidation at high temperatures® & 14 26 87. 8 At
significantly high temperatures, the methylene-separated polyunsaturated olefin structure will
begin to isomerize to a more static conjugated structure. Isomerization forms a cyclohexene ring,
in which a linked diene group from one fatty acid chain can react with a single olefinic group from
another fatty acid chain 8%, The Diels Alder reaction is a reaction between a conjugated di-olefin
and mono-olefin group Fig. 4 that becomes significant at 250—300 °C or higher, and the reaction

products formed are called dimmers % 9% 92,

R
2 R,
R3
/ R3
+ — >
\ R4
Ry

R, R2

Conjucated di-olefin Mono-olefin Cyclohexene

Fig.4. Diels Alder reaction®

Hence, the Diels Alder reaction also forms trimmers by thermal polymerization with the reaction of an

159 However, a

isolated double bond in a dimer side chain with a conjugated diene from another fatty oi
recent study found evidence supporting the non-Diels Alder coupling of two side-chain olefin groups from
a dimer and fatty oil molecule 32 %8, Thermal polymerization is characterized by rapid reduction in total

unsaturation as all the three olefin groups become one. At 300 °C, initial polymerization resulted in the

dramatic reduction in total unsaturation as measured by IV when linseed oil was thermally polymerized.
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However, no increase in molecular weight was observed because of an intramolecular Diels Alder reaction
between two fatty acid chains in the same triacylglyceride molecule. At temperatures higher than 300 °C,
biodiesel produced from used cooking oils when recycled in high-pressure cookers may lead to
transesterification to methyl esters and retained linkages. Under such thermal stress, intermolecular dimers
also form. Moreover, a di-ester with a molecular weight about twice that of a normal biodiesel ester
molecule will be produced. If such biodiesels (i.e., yellow greases) are not purified, these dimers would be
present in the final fuel. Nevertheless, no work has reported the incidence of such dimers in recycled
cooking oils and if so, their results are mainly on fuel properties of similar non-purified biodiesel fuels. The
published literature pertaining to U.S. biodiesel production does not contain the impending existence of
such dimeric types in non-purified yellow grease biodiesel 8. Thermal polymerization may be of limited
importance in biodiesel, which is heated continuously by the engine in the fuel tank before definite

combustion. The storage stability of biodiesel is not influenced by thermal polymerization 2.

2.2.1. Characterization of thermal stability

Different methods from various industries, most notably the fuel and lubricant industries, have
been used to assess the oxidative and thermal instability of fatty oils. To determine the thermal
stability of biodiesel, the following methods are commonly used: ASTM D 6468, which is the
standard test method for high temperature stability of middle distillate fuels ®, Rancimat test,
which is the procedure specially modified for evaluating thermal stability *> and thermogravimetric
analysis/thermal differential analysis (TGA/DTA), which is precise, sensitive, fast, and requires
small amounts of samples to measure the thermal stability parameters °. The following test

methods are widely used to characterize the thermal stability of oils.

(a) ASTM D 6468-08

Page 18 of 60



Page 19 of 60

RSC Advances

ASTM D6468-08 is a method that is highly prominent for the high temperature stability
determination of middle distillate fuels (including biodiesel). In this method, the sample is aged at
150 °C in open tubes with air contact for approximately 90 or 180 min. After the aging process,
the sample is cooled. The insoluble sediments are then filtered and estimated by the light
reflectance method of filter paper. For comparison purposes, a blank is prepared without the
sample using an unused filter pad 82 9. The filter paper used for this method has a nominal porosity
of 11 pum, so it cannot capture all the sediments formed during aging. However, it allows
differentiation over a broad range of particle sizes for the sediments. Reflectance measurements
can be affected by the color of the filterable insoluble, and they may not be successfully correlated
with the mass of the material that is filtered. Thus, the accuracy of this method is not 100%. This
method can provide an estimate of the stability of fuel when exposed to high temperatures in
certain situations, including a recirculating engine or burner fuel delivery system, and under other
high temperature conditions with limited exposure to air. In addition, the test method is also helpful
in the study of operational problems related to fuel thermal stability. This method is not suitable
for fuels with a flash point less than 38 °C. This test method is also not suitable for fuels containing
residual oil, so it is only suitable in estimating the high temperature stability of biodiesel with a
very high FAME content. This method can be useful for the observation of operational problems
linked to fuel thermal stability. Reflectance decreases with increasing amounts of elements. Thus,
the increased quantities of biodiesel polymers result in little or no variation in reflectance because
the shapes of particles and polymers have almost no observable color with biodiesel. The test

provides correct results when the biodiesel particles/polymers are measured gravimetrically’® 73,

(b) Rancimat method
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The Rancimat method is one of the most effective methods in measuring the thermal stability of
biodiesel. In this method, the sample is heated at 200 °C; after 6 h, an 8 g sample is obtained to
measure the polymer elements without an airflow % "t ASTM D6468 is one of the most familiar
tests for thermal stability, in which the sample is heated at 150 °C for either 90 or 180 min. The
sample is then cooled and clarified via a mode similar to ASTM D227490 to determine the
filterable via a total reflectance meter or gravimetrically. This method is easy to handle and suitable
for use in terms of repeatability ®2. This process also requires less time. Given that it is modified
from D6468-08, it results in comparatively less errors and results in better repeatability. Polymers
are used as stability parameters, but no national or international standards are available %% ™.
Chemical structures determine the thermal stability of oils. Saturated oils are more stable than
unsaturated fatty acids at high proportion "2. Recently, the chemical reaction and thermal stability

have been successfully utilized to study the physical properties of oils 7.

(c) Thermo gravity analytical methods (TGA or DTA)

TGA or DTA refers to a set of methods in which the thermal activities or thermal properties of a
material are measured as a function of temperature. Temperature plays a significant role in the
stability of biodiesel, particularly for oxidation stability. In the TGA measurements, the change in
value of any parameter is measured with temperature at different conditions. TGA can be
performed either in the presence or absence of oxygen. TGA analysis is used for the determination
of some of the properties of triglycerides and their derivatives, such as thermo-oxidative behavior,
stability, specific heat, degree of unsaturation from melting, crystallization oil profile curves, and
high pressure oxidation—IP measurements. The onset temperatures measured from TGA analysis

provide the resistance of the sample to thermal oxidative degradation, and a direct correlation
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exists between the onset temperature and oxidizability of the sample. The sample becomes easily
oxidized with the onset temperature %1%, The equipment continuously observes a loss in model
weight when the sample is heated in isothermal or energetic situations. To identify different
properties, such as specific heat, thermal degeneration stimulation energy, thermo-oxidative
activities, and stability, thermal analysis systems have been used for the classification of edible
oils and fats 19219 temperature and enthalpy of illustration 1°7-1%° effects of antioxidants on
thermal stability of oils 1% 119 analysis of period of unsaturation from melting and end-product of
oil ! and high-pressure oxidation phase measurements 12, Based on the high precision and
sensitivity of the method, TGA/DTA is widely employed for determining the thermal stability and
thermo-oxidation behavior of oil and biodiesel. Thermal stability is directly correlated with the
chemical structure of the sample, and the samples with highly unsaturated fatty acids are less stable

than the saturated molecules.

2.2.2. Thermal degradation reaction of biodiesel

Oxidation and thermal instability can result in the degradation of biodiesel fuel properties and
harm engine performance. Instability is a fundamental consequence of fatty acid chain unsaturation
(carbon double bonds C=C). Many polyunsaturated fatty acid chains in vegetable oil are methylene
interrupted rather than conjugated. The twofold obligation of unsaturated fats limits the revolution
of the hydrogen molecules joined to them. In this way, an unsaturated fatty acid with a twofold
bond can exist in two forms, namely, the cis structure, in which the two hydrogen atoms are on the
same “side,” and the trans structure, in which the hydrogen atoms are on the inverse sides. Trans
unsaturated fatty acid, or trans fats, are robust fats produced unintentionally by warming fluid
vegetable oils in the presence of metal catalysts and hydrogen. This methodology is termed

halfway hydrogenation because carbon particles bond in a straight aspect and stay in a strong state
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at room temperature 3. Physical properties that are sensitive to the effects of fatty oil oxidation
include viscosity, refractive index, and dielectric constant. Fig. 5 indicates the mechanism of
peroxy radical formation on a methylene group. In oxidative instability, the methylene group (-
CHy-) carbons between the olefinic carbons are initially attacked 4. The formation of
hydroperoxide follows a noted peroxidation chain system. Oxidative lipid adjustments occur
through lipid peroxidation systems, in which free radicals and responsive oxygen species produce
a methylene hydrogen atom from polyunsaturated unsaturated fatty acids, creating a carbon-

focused lipid radical.
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Fig 5: Mechanism of peroxy radical formation on methylene group®

Viscosity is one of the crucial properties of biodiesel. The effects of viscosity can be observed in
the nature of atomization, ignition, and engine wear. The nature of fuel atomization is
fundamentally influenced by viscosity ' 11 During thermal degradation, the viscosity of
biodiesel increases because of the trans-isomer arrangement on twofold bonds. Decomposition of
biodiesel and its related fatty acids smoothly increase from 293 K to 625 K. The densities of
biodiesel fuels diminish linearly from 293 K to 575 K ! Heat from biodiesel combustion
increases when the degree of thermal degradation increases . Thermal polymerization of fatty
acids is not crucial up to 525 K. Two fatty acid chains are connected by a cyclohexene ring, and
thermal polymerization occurs via the Diels Alder reaction. Thus, thermal polymerization of

biodiesel can increase its viscosity.

2.3. Storage stability

Storage stability can be defined as the ability of liquid fuel to resist shifts in its physical and
chemical properties because of its interactions with its environment . Given that oxidation
reactions give rise to substances, the stability of biodiesel in storage is critical because it can
degrade different parts and materials used in biofuel storage systems. Several writers have
observed the activities of biodiesel stored for long time periods in contact with various materials,
when exposed and not exposed to light and air. Generally, changes have been reported regarding
the 1Vs, PVs, and AVs, as well as the viscosity, methyl ester content, oxidative stability, and
content of insoluble material. The main features for presenting biodiesel and its blends into the
market and storage stabilities are characteristic assurance, customer receiving, and standardization.
Common diesel fuels are less stable than biodiesel during storage. Feasibility, sustainability, and

acceptance are vital issues during storage to protect biodiesel from oxidative degradation. The fuel
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quality and engine performance deteriorate during long-term storage, interaction with atmospheric
air, and other pro-oxidizing situations because of long-term storage oxidation of unsaturated esters
in biodiesel 8. Upon interacting with variations in color, light, factors caused by residue formation,
waste product, and other changes, storage stability may be affected, thereby decreasing the
transparency of the fuel 2. Different writers have studied the effect of biodiesel on the physical
properties of the fuel with respect to time, as well as the effects of long-term storage on biodiesel
quality 117123 When stored for two years, the heat from combustion decreases but the PV,
viscosity, density, and AV of biodiesel increases 2117 119.120. 124 " After a year, the viscosity and
AV dramatically transforms with changes in the Rancimat IP on the feedstock. Significant growths
in the viscosity, PV, free fatty acid, anisidine value, and UV absorption were observed during 90-
days storage tests 273089125 ‘Moreover, the oxidizability of fatty oils increases with the presence
of certain metals, such as Fe, Sn, Ni, Cu, and brass 1%, Knothe and Dunn % identified that rapeseed
oil (even in 70 ppm) greatly increases the oxidizability of the fuel containing Cu. However, Fe or
Ni does not greatly reduce the oxidation stability index (OSI) of methyl oleate compared with Cu.
Bondioli et al.?® found that Fe at 40 °C than Fe at 20 °C is a very effective hydroperoxide
decomposer, and its effect on methyl esters in rapeseed oil is highly pronounced. Bessee et al. 1%’
specified that copper does not increase the total acid number (TAN) of soya methyl ester as much

as Fe.
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2.3.1. Test methods to characterize storage stability

(a) ASTM D 4625

Standard test method ASTM D4625 is the most broadly accepted test method for determining the
storage stability of central distillate petroleum fuels. The fuel is stored at 43 °C for periods up to
24 weeks. One week of storage in this test is generally accepted as equivalent to one month of
storage at 17 °C (65 °F). Normally, a sample is filtered weekly to determine the total insolubles.
Whatman GF/F filters (47 mm diameter) are used to test biodiesel. After filtering the aged sample,
the filtrate is analyzed for the TAN (ASTM D664) and kinematic viscosity at 40 °C (ASTM D445)
2, 89_

To estimate the long-term storage stability of central distillate petroleum fuels, ASTM D4625 is a
very effective method. One week of storage at 43 °C is widely accepted as equivalent to four weeks
at 15 °C (underground, ambient storage). When the same relationship has to be confirmed for
B100, most investigators are inclined to accept that the relationship holds. Thus, D4625 is an

excellent inquiry method, but it is not acceptable as a specification test.

(b) Modifying Rancimat test for storage stability

The Rancimat test may also be used for testing the storage stability of biodiesel. To assess storage
stability, the test is amended by the BIOSTAB project 28 12 |n this test, samples of 3 g (neat
biodiesel) and 7.5 g (biodiesel blends) are held at 110 °C with a constant air flow of 10 L/h passing
through the fuel and into a vessel containing distilled water. The formation of volatile organic
acids (mainly formic and acetic acids) in the sample is indicated by an increase in conductivity in
the measuring vessel. The time that elapses until the secondary oxidation products are detected is
known as the IP. In the modified Rancimat method, several parameters change mainly because of

the higher volatility of diesel fuels compared with that of methyl esters, which leads to higher
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sample evaporation. The modified Rancimat test is suitable for use in terms of repeatability,

significance, and feasibility.
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1 Table 2. Effect of storage time on of different biodiesel fuel properties (1 (increase), |

2 (decrease)):

Name of Time Measured Storage Method Remarks Ref.
biodiesel of parametres limit
stora  (PV,IV,AV,V,D (month
e! -
%ont IP, purity, FAME) )
h
RME 14 PV1,AV1,V1,D? 11 EN 14112  RME biofuel in the course 130
of storage less worse than
SCME 8 PV1,AV1,V1.D1 11 EN 14112 the properties of fuel 102
containing C.satia oil
WCME 19 PV1,AV1,V1,D1 11 EN 14112 methyl 102
Karanja 6 IP| other constant 4 - Significant effect in IP 131
oil
Rice 24 PV1,IV],AV1,V1 1 Rancimat  when the test temperature 132
brain oil increases a drastic decrease
in the induction period
POME 3 AV1,IP|, V1 1 DSC Thermal & oxidation 133
stability higher.
JOME 3 AV1,IP|, V1 1 DSC
Coconut 3 AV1,IP|, V1 1
biodiesel
SOME 12 IP| other constant 6 AACC58- Both V and AV shown the 134
15 greatest potential in terms of
timely and relative ease of
measurement.
SOEE 1.3mo IP| other constant - EN 14112  low oxidation stability have 135
nth shown a contamination by
(40 some metal ions
days)
MOME 12 PV1, V1, other - - PV &V has significant 136
constant effect.
Canola 6.4 FAME 0.5 - 137
oil concentration| other
remain same
Hiolec 30 PV1, AV, IV] VT 12 - friction and wear increase 138
sunflowe with increasing temperature
roil
High
erucic
brassica
oil
Low
erucic
brassica

oil
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Linseed
oil

Neat
edible
rapeseed
oil

Tallow
oil

lard

SBME
HOSME
RME

JCB

Soybean

12

IP|

Purity of biodiesel |

IP|

IP|

IP|

IP1

P

1.4 PDSC

5 TGA

1 supercritica
|

1

1 EN14112

- EN14112

6 Rancimat

The oxidation stability of
biodiesel are deeply
impacted by several
extrinsic factors and others
residual contaminants from
the synthesis and storage
process.

The lowest thermal stability
in synthetic air.

after the exposure for
biodiesel initially oxidation
stability became better high
in peroxide value

oxidation stability increase
by using antioxidants
additives

To maintain the IP of 6 h for
predefined period of time
conforming to biodiesel
standard specifications
Concentration of
antioxidants required to be
added to biodiesel.

139

140

141

142

143

JCB:Jatropha curcus biodiesel, RME: Rapseed oil methyl ester, SBME: Soybean oil methyl
ester, HOSME: High oleic sunflower methyl ester MOME: Mahua oil methyl ester, SOEE:
Sunflower oilmethyl ester, SOME:Sunflower oil methyl ester, JOME: Jatropha oil methyl
ester, POME: pulm oil methyl ester, WCME: Winter varity C. savita oil methyl ester, SCME:
Spring varity C. savita oil methyl ester.
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Table 2 shows that the increase in storage time will increase the PV, AV, density, and viscosity,
whereas IP decreases in most cases. Therefore, for long-term storage, newly generated
biodiesel components upon degradation should be acidic in nature. Such components will
always have higher density and viscosity. The optimal storage time of different biodiesels
generally varies from one month to 12 months. Further studies should be conducted to clarify

the proper storage time that can stabilize various biodiesel properties.

3. Review of different stabilities of biodiesel

3.1. Oxidation stability studies of biodiesel
Sarin et al. 2 observed the oxidation stability of biodiesel in the presence of metal
contamination in Jatropha biodiesel, and described a similar influence on the oxidation
stability in the presence of small or large metal contamination concentrations, but copper

showed the strongest detrimental and catalytic effect on the oxidation stability

Xin et al. %° reported the oxidation stability of rapeseed biodiesel using the supercritical
methanol method. Their group utilized rapeseed biodiesel as a representative biodiesel to
observe the effect of temperature on the tocopherel content in biodiesel. At 270 °C/17 MPa,
300 °C/20 MPa, 330 °C/37 MPa, and 360 °C/47 MPa for 30 min, rapeseed biodiesel was
exposed to supercritical methanol, and the remaining tocopherol content of rapeseed biodiesel
was measured. Their results demonstrated that the remaining tocopherol decreased with the
increase in temperature above 300 °C. The increase in temperature significantly reduced the
tocopherol content. They concluded that tocopherol is not stable at temperatures above 300 °C.
Biodiesel has lower stability in supercritical method compared with other methods, such as
transesterification'? 26117, 144,

Knothe and Dunn 1% investigated the effect of Cu, Fe, and Ni on the biodiesel stability via IP

measurement of methyl oleate at 90 °C, in which copper resulted in the smallest IP compared
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with the other metal-contaminated methyl oleate samples 4. Many researchers have studied
the effect of metal contamination on the stability of biodiesel at different conditions and various
biodiesels. Jain and Sharma '*° recently investigated the metal contamination effect of Jatropha
biodiesel with and without antioxidant. Their group used different metals, such as Fe, Ni, Mn,
Co, and Cu, in varying concentrations. These different metal concentrations were mixed with
biodiesel, and their storage stability was analyzed. The concentration of antioxidants that
effectively increases the stability of samples containing different metal contaminants differs.
In this study, pyrogallol (PY) was used because it is one of the best antioxidants for stabilizing

biodiesel without metal contaminants.

3.2. Thermal stability studies of biodiesel
Many studies have investigated the thermal stability of biodiesel, as well as the effects of
temperature on the stability of biodiesel. Dunn 2 studied the effects of biodiesel temperature
on the OSI, and described that the oxidation reaction occurs rapidly by increasing the
temperature and decreasing the OSI of FAME. Monyem et al. 2’ inspected the thermal stability
of biodiesel under different conditions, and reported an increase in the viscosity of the fuel
because the oxidation process accelerated with increasing temperature. Polavka et al. 14
studied the oxidation IP, which is dependent on temperature. Using the Arrhenius equation,
they found that the IP of oxidation varies with temperature. Hiroaki et al. ® evaluated the
thermal stability, and found that only methyl linolenate undergoes a slight change in cis—trans
isomerization at 2708 C/17 MPa without affecting the biodiesel yield, and poly-unsaturated
fatty acid methyl esters, such as methyl linoleate (18:2) and methyl linolenate (18:3), are
extensively decomposed at 3508 C/43 MPa, accompanied with isomerization of cis-type
double bonds into trans-type at 3508 C/43 MPa in supercritical methanol. Dunn 4’ observed
the effects of oxidation under accelerated conditions on the fuel properties of soyate, and found

that the increase in various biodiesel properties, such as viscosity, PV, and AV, is caused by
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the increasing temperature. Hence, very little effect was observed for the cold flow properties
at temperatures up to 150 °C on the specific gravity. As the reaction temperature increases, the
viscosity also increases linearly. The Diels Alder reaction results in the formation of polymers
at high temperatures, so the viscosity increases. Meanwhile, AV decreases linearly with
increasing reaction temperature, and thermal degradation is responsible for the increase in AV
with increasing temperature. The PV decreases linearly, whereas the reaction temperature
increases, possibly because of the absence of oxygen or accelerated decomposition of

hydroperoxides with increasing temperature.

Dunn 2 studied the temperature effect on the stability of biodiesel, and described that
temperature significantly affects the OSI. By increasing the temperature, the oxidation reaction
occurs rapidly and OSI decreases. Dunn reported that the polymer formation rate increases,
and the viscosity and AV increase, whereas the PV decreases at higher temperatures, resulting
in decreased OSI 2L, Nzikou et al. 1% evaluated the thermal stability of vegetable oils while
frying, and found that the content of linoleic acid decreased with the increase in time of frying
oil, which occurred because of rapid oxidation. The formation of high molecular weight
polymers causes the viscosity of oil to increase with the increase in frying hour. A high
viscosity in frying oil results in a high degree of deterioration 1% this result is in agreement
with the findings of Dunn 2,

Xin et al. 2 observed the temperature effect on safflower oil during IP, and found that the IP
decreases rising temperature. Bondioli et al.?® analyzed the storage stability of biodiesel at
different temperatures. During their experiment, samples were kept at two different
temperatures (20 °C and 40 °C), and their results demonstrated that the PV was higher at lower

temperatures at the same container.
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83  Therefore, based on these lines of evidence, supercritical methanol treatment lower than 3008
84  °C, preferably 2708 °C with a pressure higher than 8.09 MPa, was concluded to be appropriate

85  in maintaining the maximal yield and thermal stabilization of biodiesel.
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3.3. Storage stability studies of biodiesel

Bondioli et al. 2 and Thompson et al. % have investigated the corrosion of methyl esters in
rapeseed oil, and found that AV, PV, and viscosity increase with time under various storage
conditions 8. Different authors *® have studied natural antioxidants, such as tocopherol, and a
relationship between the oxidation stability and quantity of tocopherol was found. Bouaid et
al. 8 studied the long-term storage stability of biodiesel from high oleic sunflower oil using
frying oil, and found that the IV decreases with rising storage time, whereas the AV, PV, and
viscosity increase. Meanwhile, McCormick et al. *® found that polyunsaturated contents have
the longest effects on biodiesel stability because of the increased insoluble formation and

reduction in the generation period.

Das et al. 3 observed the oxidative stability of karanja oil ME (KOME) via storing the sample
inside a room at open air and exposing it to metal and air. They found that the viscosity and
PV decrease with increasing storage time, thereby decreasing the oxidative stability of KOME
and increasing oxidative degradation, despite the high PV and viscosity. Antioxidants
significantly affect KOME. By increasing the concentration of the antioxidant [propyl gallate
(PG), butylated hydroxyanisole (BHA), and butylated hydroxytoluene (BHT)] with changing
load, the stability of KOME increases, and PG is the best antioxidant for KOME, followed by
BHA and BHT. Geller et al. ® investigated the storage stability of poultry fat and diesel fuel,
which are liable for the corrosive effect of fuels on various metals, with respect to the
separation, dynamic viscosity, sedimentation accumulation, and specific gravity. At a storage
time of over one year, the viscosity and specific gravity slightly change, and the addition of

100% antioxidant minimizes the physical properties and sedimentation.
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For perfect mixing followed by homogenization, mixing should be very fast and within the
suggested time before the fuels are utilized. Regarding the corrosive properties, brass and
copper were found to be susceptible to attack by biofuels, whereas 316 stainless steel and
carbon steel were not attacked by biofuels. Sarin et al. °* reported that the concentration of
metal contamination (more or less) in Jatropha biodiesel has the same influence on oxidation

stability; the oxidation stability of copper shows the strongest detrimental and catalytic effects.

4. Techniques to improve the stability of biodiesel

4.1. Purifying during production

To improve the biodiesel stability, some processes are necessary to meet the biodiesel’s
specification for stability under various conditions. Biodiesel consists of fatty acid monoalkyl
ester, which is normally produced by transesterification reaction 48, Technology development
should be geared toward better process innovations and the processing of biodiesel *°. Raw
materials and other elements first have to be managed to confirm the quality of biodiesel. Some
crude vegetable oils contain phospholipids, which are harmful to biodiesel, thus, such oils have
to be eliminated via hydration processes "°. Deodorization is the most effective refining process
in removing unwanted odor and test forms in oil. Therefore, free fatty acids, ketones,
aldehydes, and unsaturated hydrocarbons, all of which can cause undesirable smells and flavors
of the oil, can be removed via deodorization **°. lodine as a catalyst can reduce the high AV of
free fatty acids. Transesterification is catalyzed by either homogeneous reagent or
heterogeneous reagent. Homogeneous reagents include potassium hydroxide, hydrochloric
acid, sodium hydroxide, and sulfuric acid, whereas heterogeneous reagents are enzymes,
heterogenized on organic polymers, alkaline earth metal compounds, anion exchange resins

titanium silicates, and guanidine. During storage with air, the alkali homogeneous catalysts are
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extremely hygroscopic 1. Thus, the alkali homogeneous catalysts should be appropriately
handled. The alcohol materials, such as methanol, amyl alcohol, ethanol, propanol, and butanol,
are used in the transesterification process. At the end of transesterification, alcohol and glycerol
are eliminated from the selected product esters by water washing?* 12, The use of membrane
technology for the separation and refining of biodiesel eliminates water washing and results in
a realistic amount of time and energy depletion . Cooke et al. > observed that ion
interchange resin can eliminate impurities. Gabelman and Hwang'®> found that hollow fiber
membrane abstraction can be used effectively to eliminate contaminants. These methodologies
effectively avoid losses in the biodiesel yield, decrease the manufacturing steps, and increase

the properties of fuel.

4.2. Adding of different additives

Several researchers 1415618 have studied biodiesel stability in the presence of additives. Two
types of antioxidants are generally used: chain breakers and hydroperoxide decomposers.
Phenol and amine are the two most familiar types of chain-breaking antioxidants 32, Generally,
antioxidants are highly effective for maintaining biodiesel stability under different conditions.
Antioxidants can prevent the oxidation process, and they are well recognized for maintaining
the oxidation of biodiesel. For instance, antioxidant (AH) intercepts the peroxide radical
(RCOO.) to prevent it from generating another radical by the autoxidation appliance. The

associated mechanism is as follows 2:

Radical tapping stage: R- COO-+ AH=R-COOH + A

Radical termination stage: A- + A-=A— Aornon — radical materials



154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

RSC Advances

Most studies on the stability of fatty oil and ester uses are restricted to the phenolic type of
antioxidants. The necessity of phenolic antioxidants depends on the number of
hydroxyl/phenolic groups involved to its ortho and pera positions, i.e., 1 and 2 or 1 and 4
positions in an aromatic ring. For the suspension of the oxidation rate, protons, which are
delivered by an active hydroxyl group, can prevent the formation of free radicals or interject
the dissemination of free radicals. Antioxidants are described by their molecular structure.
Therefore, the effectiveness of tert-butylhydroxyquinone (TBHQ), PG, and PY can be
described based on their molecular structure. These additives possess two OH sets attached to
the aromatic ring, when both BHT and BHA possess one OH group on the aromatic ring. Thus,
based on their electro negativities, TBHQ, PG, and PY offer more sites to form a complex

between the free radical and antioxidant radical for the stabilization of the ester chain °°,

Antioxidants are reused for delaying oxidation. From the literature reviews, antioxidants
effectively improve the stability of biodiesel under various conditions. Different additives are
used in various conditions for the improvement of biodiesel stability *. Many antioxidants can
markedly increase biodiesel stability. Among them, TBHQ is the most effective antioxidant for
soybean, Jatropha, palm, and sunflower biodiesel. BHT, PG, and BHA are also found to be
effective for most biodiesels 1°. The application of several antioxidants can enhance the fuel
stability up to the standard specification. The additive concentration may vary at different
conditions because of the unsaturation concentration and composition of various biodiesel and
biodiesel blends %1, However, many possible scopes of study can be explored to understand
the effectiveness of different additives in enhancing corrosion resistance and stability, as well

as the fuel properties of different biodiesels.
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4.2.1. Chemistry of Antioxidant
Antioxidants play a significant role in biodiesel degradation. As indicated by their mode of
activity, antioxidants can be classified as follows: primary antioxidants, such as free radical
terminators; oxygen scavengers that react with oxygen in closed frameworks; or metal particle
chelators that catalyze lipid oxidation 1°2. To change them to more steady primary antioxidants,
they should react with highly vital lipid radicals. Hence, the group of free radical eliminators,
such as the phenolic antioxidant (AH), is the most utilized antioxidant. Secondary antioxidants
function by retarding the rate of chain initiation by decomposing hydroperoxides. Bolland et
al. 183 first investigated the activity of antioxidants, in which they hypothesized reactions 5 and
6 with the expectation of complimentary radical terminators. In oxidation process reactions 5
and 6, the free radical terminators have the most capable hydrogen atoms, which are very fast
compared with peroxyl %4, The latter reactions, 7 and 8, compete with the chain propagation
reaction. Naturally, these reactions are exothermic. With the increase in separation vitality of
A-H and R-H, the initiation vitality of these reactions increases. As the bond quality of A-H

diminishes, the productivity of antioxidants increases'®.

ROOs + AH ———> ROOH + A- (5)
RO+ + AH ——> ROH + Ae (6)
ROOs + Ae ——> ROOA (7
RO* + As ——> ROA (8)

Reaction 9 shows the valence bond of isomers, which is the stabilization of phenoxy radical

and occurs because of the delocalization of unpaired electrons around the aromatic ring.
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Hydrogen substitution by alkyl assembles in ortho- and para- position, and expands the

electron density of the OH moiety by inductive impact °°.

o o o o)
|
O-—Q0 —Q0 — O ®
The antioxidant activity is increased by an ethyl or n-butyl group, rather than a methyl group
at the para- position*®®. The stability of the phenoxy radical is increased by the bulky groups at
the ortho- position as in BHA %7, These substituents increase the stearic hindrance in the region

of the radicals, as well as reduce the rate of possible propagation reactions, which are shown

in reactions 10, 11, and 12.

As + 0 ——>  AOO- (10)
AOOs + RH ——> AOOH + R- (11)
Ac +RH ——> AH+Re (12)

BHT, as a white crystalline compound, is momentarily accessible as white waxy drops 62,
BHT and BHA are strongly soluble in fats and insoluble in water. As mono-phenols, they both
produce radical intermediates with moderate reverberation delocalization. The tert-butyl
gatherings of BHT do not permit radical shapes for it to be involved in different reactions 68,
A lipid peroxyl radical may join the molecule of BHT, which is shown in reaction 13 .

OH O'
. R LOO LOOH LOO |

O
R R R l R
N BN Q (13)
CHj CH,

R = tert-butyl

Page 38 of 60



Page 39 of 60

226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245

246

247

248
249

250

RSC Advances

TBHQ is economically accessible as a beige-hued powder, and it is a sufficient solvent in fats.
As a diphenolic antioxidant, TBHQ reacts with peroxyl radicals to structure a semiquinone
reverberation half and half. The semiquinone-organized radical intermediates may experience
distinct responses to structure more steady items. They can also react with each other to deliver
dimers, dismutate, and recover semiquinone. They can react with an alternate peroxyl radical,

as indicated in reactions 14, 15, and 16 1.

HO o 0 o) 0
ROO+©—>ROOH+ ©<—>Q<—> ©<—>© (14)
HO HO HO HO HO

0 0 HO 0
+ © = © + (15)

0]
(16)
+ ROO ——=
HO

Based on their labile hydrogen, the phenolic antioxidant can be positioned as BHA = BHT <
DTBHQ =~ TBHQ < PG = PY, which is relevant to some edible oil-based biodiesels. An

alternate crucial antioxidant is amine, which can be categorized as a free radical terminator.

4.2.2. Antioxidants effect on stability of biodiesel

Several methods are available to prevent oxidation or decelerate its rate. By avoiding contact
with oxidizing conditions, as well as decreasing air contact, storage in a dark room in stable

containers and low temperatures at inert conditions are highly effective for the prevention of
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biodiesel oxidation ®°. However, the above conditions are difficult to achieve, and the use of
chemicals is of considerable concern. The use of antioxidants is the most active and commercial
method available to effectively increase the oxidative stability of biodiesel and its blends.
Through the extension of the IP, antioxidants have an enhanced role in delaying oxidation. The
most common antioxidants are chain breakers (peroxide radical quenchers) and hydroperoxide
decomposers (reducing agents) *°. Hydroperoxides react with the antioxidants of
hydroperoxide decomposers and then convert them to alcohols. Hence, harmless oxidation
forms from the antioxidant. Metal chelating agents and acid neutralizers are other categories of
antioxidants 1’°. The synthetic antioxidants provide higher effectiveness compared with
tocopherols when they are added to biodiesel. Another effective natural antioxidant is cardanol
oil, which is extracted from cashew nut shell liquid ! citric acid and caffeic acid are other
naturally derived antioxidants that are used as biodiesel stabilizers 2. Photo-oxidation is
influenced by quenchers of singlet oxygen, such as [-carotene. The major synthetic
antioxidants are BHT, BHA, TBHQ, PY (i.e,, 1, 2, 3-trihydroxybenzene), and PG (i.e., propyl
3, 4, 5-trihydroxybenzoate) 1. Baynoxs is a commercially available synthetic antioxidant
widely used for the storage of biodiesel 1”* BHA, BHT, PG, and vitamin E are chain breakers,

whereas sulfides and phosphides are peroxide destroyers 174,
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Ra
a- tocopherol
OH
CHs
N /
| c CHs
= \ HO OH
CH,
5 OH
\CH3
Butylated hydroxyanisole (BHA) Pyrogallol (PY)
O(CH.,),,CH
H,.C
C(CHj5), 3 \/C C\/CHs
FsC CH,
HO OH L
OH OH 3
268 Propyl gallate (PG) tert-butylhydroxyquinone (TBHQ) tert-butylhydroxy toluene (BHT)
269 Fig: 4 Chemical structures of different antioxidants 17

270  Antioxidant occurs naturally, such as vitamin E (i.e., tocopherols and tocotrienols). The four
271  species in each a, B3, v, and J exist or the synthetic antioxidant materials are deliberately added,
272 such as PG, BHT, TBHQ, PY, and BHA. The refining process influences the level of natural
273 antioxidants in vegetable oil. Early reports stated that the most effective synthetic antioxidants
274  are pyrimidinols, which have strong electron-donating dialkylamino groups 6. To interrupt

275  the chain reaction, the phenol and amine antioxidants donate the hydrogen atom; phynols go to
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quinones and react with a radical in an additive fashion. For proper solubility and utility, the
levels of synthetic antioxidant that are normally used are in the range of 100—-200 ppm, and the
antioxidant with the lowest solubility is PG. Different factors, such as storage, amount of
naturally occurring antioxidant, oil fatty acid profile, and other conditions, influence the utility
of antioxidants. Primary and secondary antioxidants are used in the system; they can influence
their effectiveness via synergistic effects between the antioxidant. Meanwhile, amino acid,
citric acid, ethylenediamine tetraacetic acid, and phosphoric acid function as secondary
antioxidants and help in removing metal ions with different materials, including chelating
agents. Oxygen scavengers or reducing agents, such as ascorbic acid, which can regenerate
spent antioxidants, and singlet oxygen quenchers, such as f-carotene, are also used as oxidation
inhibitors. The activity of each antioxidant on biodiesel is different with various feedstocks,
FAME composition, and oxidative stability '"1’® Biodiesel stability increases with the
addition of antioxidants and varies with the antioxidant concentration. Metal contamination
also influences stability. Hence, various metal containers are used for biodiesel storage. To
increase the oxidation stability of biodiesel, various techniques have been used, such as
fractional crystallization or hydrogenation, for reducing the unsaturated fatty acid content in
oil. With the variations in the molecular weight structure, BHA and BHT are less effective
compared with PY, TBHQ, and GA. The effects of the antioxidants on the oxidative stability
of biodiesel mainly depend on the group; maximum antioxidant has two hydroxyl groups, but
BHT and BHA have only one group with an aromatic ring. Thus, BHT and BHT are less
effective on biodiesel stability 1’°. Meanwhile, TBHQ and PY are strongly effective on the
biodiesel stability, and they are more active in the development of a complex between the free
radical of the sample antioxidant 18 181 Methyl ester stabilization in biodiesel is responsible
for its complexity. Antioxidants also influence the viscosity of biodiesel. During storage of

oxidized compounds, viscosity increases because of the addition of antioxidants in biodiesel,
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thus, for long-term storage, viscosity in biodiesel affects stability. However, the addition of
proper concentrations of antioxidants, such as PG, BHT, and BHA (1000 ppm), causes the
viscosity of biodiesel to remain under the ASTM limit (1.9-6 cSt) 82, Table 3 lists the selected
studies on the evaluation of biodiesel oxidation stability upon antioxidant addition. It also
shows that the most effective synthetic antioxidant is TBHQ, followed by PY and PG. In the
literature, BHA and BHT are found to be less effective. However, based on the table, synthetic
antioxidants are more significantly effective than natural antioxidants, such as different
tocopherols and vitamin E. Much work has been conducted on the mechanism of oil and fat

degradation based on the above literature review.
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Table 3: Impact of the use of antioxidant for the oxidation stability of biodiesel

Page 44 of 60

Biodiesel Antioxidant order Stability Concent  Remarks Ref .
effect ration
(ppm)
Karanja oil PY>PG>BHA>BHT>TBHQ Oxidation 300,500, PY retain for all 145
stability 700,1000 concentration
twith tof
antioxidant
Neat jatropha TBHQ>BHT>TBP>OBPA>a-T  Oxidative =~ 1000 600ppm of natural %
stability AO o-T is needed
twith Tof for improve IP
antioxidant
Jatropha PY>PG>TBHQ>BHT>BHA Thermal 1000 Tomeet EN 14112 7
curcus stability spcification
twith tof 100ppm of PY is
antioxidant required minimum
concentration
Jatropha oil PG>TBHQ>BHA PG is For 150 ppm PG 183
suitable for decrease the IP
Long term
oxidation
(Rapseedoil, TBHQ>PG>PY>BHA>BHT BHT has 1000 Antioxidant 184
sunflower PY>PG>BHA>TBHQ>BHT no effect concentration were
oil, PY>PG>TBHQ>BHA>BHT except varied from 100 to
frying oil, PY>PG>TBHQ>BHA>BHT Tallow ME 1000 mg/kg
PY>PG>TBHQ>BHA>BHT (distilled)
beef tallow TBHQ>PG>BHA>PY>BHT
oil) PY>TBHQ>PG>BHA>BHT
(undistilled PG>PY>TBHQ>BHT>BHA
& distilled)
Rapseed oil BHA~ BHT&BHT>BHA IP1 with 400 Rate of 185
& tallow tof deactivitation
antioxidant increase with
concentrati unsaturation in the
on oil
Mahua oil PG>BHA>BHT The use of 1000 PV & Viscosity 186
antioxidant increase over the
s improved time
the
stability
significantl
y
Soyaben oil BHT>BHA>TBHQ TBHQ 1000 From 200 to 7000 &
Soyaben oil TBHQ>BHT>BHA displayeda 7000 ppm BHT
greater displayed the
stabilizing greatest efficacy in
potential concentrations
when used ranging
in higher
concentrati
ons.
Distilled TBH>BHT>a-tocopherol. BHT and - At the same dosage 188
&crude Palm TBHQ are TBHQ is more
oil found to be effective compared
more to BHT
effective

than
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natural
antioxidant
Waste BPH>BHT Oxidation 600 BPH was more 189
cooking oil stability 1 effective than BHT
with tof and could be used
antioxidant as a antioxidant
concentrati
on
Terminalia PG>PY>TBHQ>BHT>BHA>a-  Storage 1500 Stability can be 190
oil tocopherols stability upgraded up to 12
depends times by 1000 ppm
mainly on PG
the
antioxidant
type and
concentrati
on
Croton oil PY>PG>BHT 1 in dosage 1000 To improve the 1ol
of oxidation stability
antioxidant of COME synthetic
S antioxidants was
Toxidation required.
stability
Cottonseed  TBHQ Oxidative 1000 The addition of 192
oil stability 300 mg kg—* TBH
increases Q was sufficient to
linearly attend the
with the oxidation stability
amount of parameter
antioxidant
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4.3. Modification of storage conditions
The stability of biodiesel can be increased by modifying storage conditions. Biodiesel can be
stored in different ways, and different factors influence biodiesel stability during storage, such
as oxidative stability, solvency of fuel, and compatibility of materials 193 156 194,157 | ee et al.
195, 1%8 studied the storage condition of biodiesel in different ways, and concluded that the
storage temperature should be between 7 °C and 10 °C to protect pure biodiesel from oxidation.
By contrast, the extreme cold weather underground storage of pure biodiesel needs an
optimized storage temperature to avoid crystal formation % 1 | Biodiesel should be stored
appropriately because the environment affects the different elements that can degrade biodiesel
and reduce its stability. For more than six months of storage, pure biodiesel and its blends
require appropriate antioxidants because antioxidants have different characteristics that can
increase biodiesel stability. Contamination from water may lead to biological progress in the
fuel, so biocides that can prevent water contamination in the fuel should be used. Aluminum,
steel, polypropylene or fluorinated polyethylene, and Teflon are the main containers for
biodiesel storage . Aluminum is the most suitable container for biodiesel storage because it
has no catalytic effect on biodiesel. In summary, biodiesel degradation can be affected by
temperature and air coverage, which are major important features affecting degradation. The
degradation rate increases significantly when biodiesel is stored in environments with high
temperature and ambient air exposure. However, the temperature or air exposure alone has
minimal effects on biodiesel degradation. The water content in biodiesel will increase biodiesel
degradation because of hydrolysis, but its consequence is much less than that of the other
factors. The aforementioned factors should be studied in detail, particularly for long-term
biodiesel storage " The tanks should minimize the presence of water impurities, and should

be thoroughly cleaned prior to use for biodiesel storage 3.
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5. Effect of stabilized blends on engine performance & emission
Numerous studies on the performance and emission analyses of biodiesel or mixed biodiesel-
fueled diesel engine are accessible 198-201.160-163 “However, reports on the management of the
performance and emission of antioxidant prevention agent in biodiesel-fueled engines are
limited. Antioxidants demonstrate slight (either expand or abatement) effects on the engine
performance and fuel properties. Biodiesel is attracting interest as an eco-accommodating fuel,
so elements influencing its ignition and emission are essential. Investigations on the part of
antioxidants in compound contamination of biodiesel-fueled engines demonstrated that the
determination of the antioxidant additive substance to biodiesel is imperative in evaluating
pollutants. In the report of Suyin Gan and Hoon Kiat Ng, the effect of antioxidant addition to
biodiesel on engine emission was examined in the mixtures of palm oil biodiesel with diesel
(B10 and B20) 4202 Among the examined antioxidants (i.e., BHT, BHA, and TBHQ),
decreased NO emission has been shown by BHA and TBHQ; however, their high concentration
in the fuel blends expands the NO levels. Additionally, BHA can even decrease CO emission,
but the two other antioxidants are unable to do so. Kivevele et al. observed that the addition of
1000 ppm PY antioxidants to croton oil methyl ester exerts a negligible influence on engine
exhaust emissions %203, The emission of CO, NOx, total hydrocarbons, and smoke decreases
or expands based on the applied load. The effect of antioxidants BHA, BHT, TBHQ, and 2-
ethylhexyl nitrate (EHN) on the engine performance and fume gas outflow of canola oil methyl
ester mix (B20) was researched by Erol lleri and Gunnur Kocar 16204, NOx emission was
observed to decrease upon antioxidant addition, whereas the CO level expanded. EHN was the
most effective in decreasing NOx, and TBHQ showed minimal evolution of CO. Jain and
Sharma 167:2% analyzed the emission of Jatropha biodiesel-fueled diesel engine, and found that
the additive PY has minimal effects on the emission. The exhaust of CO and THC slightly

decreases, whereas NOx formation slightly increases or decreases with engine load °7.
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Analysis on the emission of soybean biodiesel-fueled engine showed that the antioxidants have
no effects on the engine exhaust 1%32%®, The use of antioxidant additives is one of the most cost-
effective ways to lessen the emission of NOx from biodiesel-fueled engines %927, However,
in their study, the formation of CO and THC increased. The antioxidants selected for their
study were EDA, p-PDA, BHT, a-tocopherol, and L-ascorbic acid; p-PDA showed the best
activity in reducing NOx emission. In most studies on antioxidant added biodiesel emission
analysis, a reduction in NOx and slight increase in CO and THC are observed. The amounts of
CO and THC are lower than that emitted by diesel fuel 1°® 2% Compared with the emission
from diesel fuel ignition, NOx formation is the main imperfection of biodiesel fuel. Based on
the aforementioned studies, antioxidants can assume a real part in decreasing NOx 2%°21%, The
establishment of NOx is caused by the presence of free radicals in fuel, as effectively specified
in this article. The fuel radicals react with nitrogen from the air to form NOx. The presence of

antioxidants can end the radical reaction and decrease NOx formation.
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Comparison performance & emission with and without antioxidant

Test
fuel/BI
end

Soybea

(SB10

Canola
(B100,
B50,
B20,
B10)

Kerose
ne(B10
0, B50,
B20,
B10)

Neem
oil
(B100)

Cocon
ut
(B20)
&
jatroph
a
(B20)

Canola
(B20)

Caloph
yllum
(B20)

Engine
specificati
on

4C,4S,CR
:22RP:80
kw at
4000 rpm,
IP= 150
bar

2C,4S,Dl,
CR:16.5:
1,RP:11.2
kw at
1800rpm,
IP=22
bar

2C,4S,Dl,
CR:16.5:
1,RP:11.2
kw at
1800rpm,
IP=22
bar

1C,4S,DlI,
CR:12:1
to
18:1,RP:3
.5kw at
1500rpm.

4C, DI

4C,4S,CR

10.5:1W
C.TDI

DI1,4C,RP
: 55kw

Operating
condition

Constant

speed and
different

load

Constant
speed &
different
load

Constant
speed &
different
load

Constant
speed
&differen
t load

Different
speed &
constant
load

Constant
load &
different
speed

Constant
load &
different
speed

Comparison of Emission with and

Comparison of

without antioxidant performance
with and
without
antioxidant

NOx Cco HC Smoke BSFC BP

Slightly  Lower lower Lower | -

higher than than than

than without  withou

without AO t AO

AO

lup to max | max|up - 16% -

5% but  about to 65% with

slightly  19% at Bigo 1blend

1 at low ratio

load and AO

and

medium

conditio

n

lup to max | max|up - 16% -

5% but  about to 65% with

slightly 19% at B1go Tblend

1 at low ratio

and and AO

medium

load

conditio

n

lupto  fslightl 1 Tupto same same

19.99% y4.3%  slightll. 2.02%

at full 62%y

load

conditio

n

12.6- 14.9- 123.2- - 10.55- 1t

5.0% 20.8% 40.2% 0.79%

14.3% i - - ! -
10.19%

11.6- 139.14  126.5% - lupto 1

3.6% % 1.5%

Antioxid
ant
concentra
tion

500-
2000ppm

100-
400ppm

175.8-
184.9pp

1000ppm

1000-
2000ppm

Ref.

172

211

173

212

213

214

161
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Palm
(B20)

Jatroph
a (B5,
B10,
B15,
B20)

Croton
megalo
carpus

(B100)

Soybea

(B20,
B100)

Jatroph
a
(B100)

DI,4C,RP
: 42kw

4C,4S,Dl,
RP: 55kw

4C,TDI,C
R:195.:1,
RP: 66kw
at

1900rpm

1C,4S,Dl,
RP:4.4kw
JAP:
200bar

1C,4S,Dl,
RP:4.4kw
JAP:
200bar

Constant
load &
different
speed

Full load
&
different
speed

Different
load &
constant
speed

Constant
speed

Constant
speed &
different
load

| upto
9.8-
12.6%

lupto
8.03-
16.54%
for all
blends

Slightly
higher
at
1000pp
m

lupto
4.06-
9.35%

15.86-
43.44%
for all
AO

18.6-
12.3%

1signifi
cantly

Slightly
higher
at
1000pp
m

1 over
9.09%
for
SB20
and
14.28%
for
SB100

1 for all
AO

19.1-
12.0%

up to
9.33-
44% for
all
blends

Slightly
higher
at
1000pp
m

1 about
10.52-
16.92%

Slightl
y
higher
at full
load
conditi
on

1signif
icantly

10.18-
0.64%

1
higher
at
1000rp
m

114.24
%

Slightly
1 at
BHT,a-
tocophe
rol

Low
er up
to
0.68-
1.02
%

1slig
htly

1 for
all
load

1000ppm

1000ppm

1000ppm

0.025%-
m

160

170

215

171

169

1C: single cylinder, 4S: four stroke, IP: injected pressure, RP: Rated power, CR: compression

ratio, TDI: terbocharged direct injection, WC: water cooled, DI: direct injection

From Table 4 it can be concluded that addition of antioxidant in biodiesel significantly effect
on engine performance and emission hence decrease the NOx and most of the cases CO, HC,
increase but engine performance increase and good improve BSFC and BP compare that of

without antioxidant . Addition of BHA, BHT, TBHQ increase CO and HC due to the reduction

of oxidative free radicals.
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Conclusion

Different parameters are affected by biodiesel stability, which can be categorized into

oxidation, thermal stability, and storage stability. The present review has covered the various

types of fuel stabilities, mechanisms of occurrence, effect of different parameters on the

stability of biodiesel, test methods, stability measurements, and improvement of biodiesel

stability. The following conclusions were drawn:

1.

IP, PV, AV, IV, viscosity, and density are the main parameters related to the stability
of biodiesel; among these parameters, IP and BAPE are the major factors.

Various tests have been applied to determine the oxidation stability; among them, IR
analysis is an effective, fast, easy, and non-destructive method.

To determine thermal stability, the Rancimat test, D 5304-06, and TGA/DTA are
commonly used. Among these various tests, Rancimat is the most effective method to
investigate the thermal stability of oils, biodiesel fuels, and fats.

More effective and important research and development areas are needed to enhance
and improve the stability of biodiesel for future use in existing engines as a substitute
to petroleum diesel. Studies on the effect of antioxidants in improving the oxidation
stability revealed that the activity of each antioxidant differs depending on the type of
biodiesel feedstock used, antioxidant concentration, blending percentage with
petrodiesel, and storage conditions.

The effectiveness of these antioxidants can be written in the following order:
TBHQ > PY > PG. Among the different antioxidants, PG is the best antioxidant for
most biodiesel samples; an additional advantage is that, the decreased NOx emission
from the biodiesel-fueled diesel engines.

Aluminum is the best storage container for biodiesel because it does not exert any

catalytic effect on biodiesel oxidation.
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Synthetic antioxidants are more effective on the engine performance and emission; the
addition of antioxidants in biodiesel significantly affects engine performance and
emission, thereby decreasing NOx and increasing CO and HC. However, engine
performance increases, indicating good improvement. BSFC and BP decrease without
antioxidants, and BHA, BHT, and TBHQ increase CO and HC because of the reduction
in oxidative free radicals.

Additional research is required to investigate the effect of biodiesel stability on engine
performance, as well as the effect on emissions. Further studies are required to
investigate and confirm that the use of antioxidants will ensure the long-term storage
stability of biodiesel fuel. More experimental research is required to clarify the effect
of antioxidant on biodiesel emission formation, as well as analyze the effectiveness of

other antioxidants under wider operating conditions
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