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Abstract Efficiencies of four commercial antioxidants

used during the storage of two biodiesel, BS-ethyl and

BS-methyl, respectively obtained from soybean oil by eth-

ylic and methylic routes, were evaluated by measuring their

oxidative stability using a low pressurized DSC (low P-DSC)

method developed by the authors and by Rancimat method,

which is specified by the American ASTM D6751 and

European EN 14214 standard methods. The operating tem-

perature of the low P-DSC method was the same as that used

in the Rancimat procedure (110 �C). The antioxidants, used

in 500 mg kg-1 content, have the following active compo-

nents: phenol, biphenol, phenol ? amine mixture, and

a hydroquinone ? organic acid mixture. Samples of each

biodiesel–antioxidant mixture were evaluated simulta-

neously by the two methods, right after their preparation and

30, 60, 90, and 120 days of storage at 23 ± 1 �C. A non-

dimensional oxidative induction time parameter, defined as

the ratio between the oxidation induction time (OIT) or

induction time (IT) values at a storage time t and at t = 0,

was used to evaluate the antioxidant activity. For the same

mixture, changes of this non-dimensional parameter calcu-

lated from OIT or IT show a similar trend with storage time,

indicating that it can be determined either from low P-DSC or

Rancimat method data. As the efficiency of the studied

antioxidants depends on their composition, their interaction

with each biodiesel, and on the storage time, this parameter

can be used to indicate the best storage time for each anti-

oxidant–biodiesel mixture.
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Introduction

In the last two decades, many nations have expanded the

participation of renewable energy sources in their energy

matrix. The main objective was to provide their energy self-

sufficiency and to mitigate climate changes in the planet, by

using fuels with low CO2 emission, to minimize the effects of

greenhouse gases in the atmosphere [1–3].

In this context, there has been an increasing interest in

the use of biodiesel as an alternative fuel to petroleum

diesel. But, despite its many advantages, like high calorific

value, biodegradability, to be nearly free of sulfur and to

produce lower CO2 emissions when compared to diesel,

biodiesel promotes a slight increase in nitrogen oxide

(NOx) emissions and has a high susceptibility to oxidation

as well, which may affect its commercialization [4].

Like vegetable oils and fats, biodiesel is subject to oxi-

dation reactions [5, 6], and to improve its oxidative stability,

the addition of antioxidants has been studied [7–9]. The

oxidation process is a spontaneous phenomenon caused by

several factors, such as the presence of oxygen, exposure to

light, high temperatures, and contact with metals present in

storage tanks or in production units [10–12]. Oxidation is

considered the major cause of deterioration of bio-fuels,

directly affecting their quality [13].
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Thus, oxidation stability is one of the most important

parameters to ensure the quality of the biodiesel and its com-

mercialization. The determination of the oxidative stability of

biodiesel is based on the oxidation stability index performed

according to the standard of the American Oil Chemists’

Society (AOCS). The EN14112 standard method [14] describes

the determination using the Rancimat equipment [15–17]. But

in recent years, faster and more efficient alternative methods of

analysis have been developed for this purpose [18].

As oxidation is an exothermic process, pressurized dif-

ferential scanning calorimetry (P-DSC) has been widely

used in recent years to monitor the stability of vegetable

oils, animal fats, and biodiesel [19–21]. P-DSC methods

have been used to assess the oxidative stability of biodie-

sel, with and without added antioxidants [22–25], in a

shorter analysis time, when compared to conventional

methods [26]. Several studies have also been performed by

thermal analysis, and the results are compatible with those

obtained by the Rancimat method [27–30].

The commonly used antioxidants that control the oxida-

tion of biodiesel are the synthetic phenolic additives, with

substitutions of tert-butyl groups, as well as those that have

aromatic amines in their composition [31–34]. In this study,

all selected commercial antioxidants have a ‘‘No-Harm’’

certification from the German-based Association for the

Quality Management of Bio-Diesel (AGQM) [35].

The objective of this study was to evaluate the efficiency

of four commercial antioxidants during the storage of

biodiesel/antioxidant mixtures. Two types of biodiesel,

BS-ethyl and BS-methyl, were used, respectively obtained

from soybean oil by ethylic and methylic routes. For this

purpose, a low P-DSC method developed by the authors

Table 1 Characterization data of ethylic and methylic soybean biodiesel (BS-ethyl/BS-methyl)

Characteristics Units Method Specification

(ANP limits)*
Results

BS-ethyl BS-methyl

Volatility

Specific mass at 20 �C kg/m-3 ASTM D4052 850–900 876.4 882.1

Flash point �C ASTM D93 100 129 138

Fluidity

Kinematical viscosity at 40 �C cSt/mm2 s-1 ASTM D445 3.0–6.0 4.389 4.1391

Low-temperature filterability tests/min �C ASTM D6371 5 -9 -7

Composition

Ester content mass% EN 14103 min 96.5 96.8 96.87

Sulfur content mg kg-1 ASTM D5453 1 max. 1.3 1.8

Combustion

Carbon residue of 100 % mass% ASTM D524 0.1 max. 0 0

Sulfated ash content mass% EN ISO 3987 0.02 max. 0 0

Corrosion

Corrosiveness to copper, 3 h, 50 �C – ASTM D 130 1 max. 1 1

Contaminants

Group I metals: Na mg kg-1 EN 14108 5 max. 1.9 \1.0

Group I metals: K mg kg-1 EN 14109 5 max. \1.0 \1.0

Group II metals: (Ca ? Mg) mg kg-1 EN 14538 5 max. \1.0 \1.0

Phosphorus content mg kg-1 EN 14107 10 max. 1.8 \1.0

Free glycerol mass% ASTM D6594 0.02 max. \0.01 \0.01

Total glycerol mass% NBR 15344 0.25 max. 0.239 0.2

Total glycerol mass% ASTM D6584 0.25 max. 0.22 0.23

Monoglyceride content mass% ASTM D6594 0.8 max. 0.64 0.6

Diglyceride content mass% ASTM D6594 0.2 max. 0.24 0.160

Triglyceride content mass% ASTM D6594 0.2 max. 0.16 0.11

Methanol or ethanol content mass% EN 14110 0.5 max. \0.01 0.02

Acid value mg KOH g-1 ASTM D664 0.5 max. 0.22 0.4

Iodine index g (100 g)-1 EN 14111 Note 120 127

Oxidation stability at 110 �C H EN 14112 6 h 5.76 h 3.56

Water content/Karl Fischer mg kg-1 ASTM D6304 Note 168 453

* Parameters for pure biodiesel are specified by the ANP Technical Regulation # 05/2012
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[28] was used, as well as the Rancimat method, which is

specified by the American ASTM D 6751 [36] and Euro-

pean EN 14214 [37] standard methods for the determina-

tion of the oxidative stability of biodiesel.

Usually high-pressure methods are used in P-DSC oxida-

tive stability time determinations, such as ASTM E1858–08

method for the determination of oxidation induction time

(OIT) of hydrocarbons [38, 39], which uses pure oxygen at
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Fig. 1 Chemical structure of

antioxidants: a PHA, b BPH,

c PH, d HOA
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Fig. 2 Overlay of the low P-DSC plots obtained from BS-ethyl and of its mixtures with antioxidants at different storage times: a HOA, b PH,

c BPH, d PHA. The first value in each graph refers to the onset point, and the second, to the time at DSC peak maximum
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3600 kPa. The main differences in the operating conditions of

the present low P-DSC method are that air is used as the

oxidation ambient and a much lower operating pressure is

used (550 kPa), which enable a good resolution in acceptable

analysis times.

Experimental

Materials

This article presents a study of the oxidative behavior of

two types of biodiesel (BS) made in Brazilian plants,

obtained by methylic route (BS-methyl) and ethylic route

(BS-ethyl), both produced from the conversion of soybean

oil by transesterification reaction [40]. The original bio-

diesel samples did not contain antioxidants and were stored

in plastic bottles in a freezer, before the experiments.

Table 1 contains the results of the characterization of

biodiesel samples. Except for the oxidation stability, all

results were in accordance with the specifications of the

Brazilian Government Technical Regulation Agency (ANP

05/2012). This Resolution establishes a minimum of 6 h

for the induction time (IT) determined by this method.

The antioxidants used in this study were selected for their

chemical composition and represent the different classes

of commercial products mostly used nowadays to improve

biodiesel oxidative stability: phenol ? amine mixture—PHA

(N,N0-di-sec-butyl-p-phenylenediamine ? 2,6-di-terc-butyl-

phenol); biphenol—BPH (2,2-methylene-bis-(4-methyl-6-

tert butyl-phenol); phenol—PH (2,6-di-tert-butyl, 4-methyl

phenol); and organic acid ? hydroquinone mixture—HOA

(2-tert-butylhydroquinone ? citric acid). Their chemical

structures are shown in Fig. 1.

Methods

Low P-DSC method

The analysis of biodiesel mixtures with antioxidants was

performed in a pressure differential scanning calorimeter,

model P-20 Q-DSC from TA Instruments. The equipment

calibration was done using standard pure indium metal.

About 3.000 mg (±0.2 mg) of sample was used in each

analysis in an open platinum pan (110 lL). An empty open

pan of the same type was used as reference. Static air at

80 psi (551 kPa) was used, and the samples were initially

heated at 10 K min-1, from ambient temperature to 110 �C,
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followed by an isothermal step at this temperature. The value

of the OIT was measured by the onset of the respective DSC

exothermic oxidation peak [41, 42] that happens during the

isothermal step.

Rancimat method

To determinate the oxidative stability of the biodiesel sam-

ples by this traditional method, a Rancimat equipment model

743 from Metrohm was used, according to EN 14112 stan-

dard method. It consists of passing an air flow of 10 L h-1

through a sample of 3.000 g ± 0.010 g maintained at 110 �C

in a cylindrical vessel [43, 44]. The exiting air current passes

by an electrical conductivity cell. The IT is measured when a

significant change in the electrical conductivity of the aqueous

phase in the cell is registered, due to the action of oxidized

products present in the air current.

Sample preparation

Eight initial mixtures (90 g each) were prepared with both

biodiesel, having 500 mg kg-1 of each antioxidant. The usual

antioxidant content used in commercial biodiesel ranges from

100 to 250 mg kg-1. Thus, the concentration of 500 mg kg-1

was chosen to have an initial IT value for all samples higher

than 6 h. This was obtained, except for the BS-methyl/PH

antioxidant mixture, the initial IT value of which was 5 h.

From each 90 g mixture, 10 g was used for immediate low

P-DSC and Rancimat analyses. The remaining mixture was

poured into four amber vials of 20 mL capacity, filled com-

pletely. The vials, which were kept closed during the storage

time, were maintained at a room temperature of 23 �C ±

1 �C. Samples collected every 30 days from respective new

bottles were analyzed by low P-DSC and Rancimat methods,

for a period of four consecutive months. Both analyses were

performed simultaneously.

Results and discussion

All low P-DSC and Rancimat measurements were done in

duplicate. One of the two sets of all measured low P-DSC

results are shown in Figs. 2 and 3, respectively for BS-ethyl and

BS-methyl biodiesel, to show typical curves. The results shown

in Figs. 4 and 5 represent the mean of duplicate measurements

of low P-DSC and Rancimat methods. Maximum deviations

from respective mean values were of ±2.5 %.

In Figs. 2 and 3, are shown the overlay of the respective

low P-DSC curves obtained for each biodiesel and respec-

tive biodiesel–antioxidant mixtures immediately after they

were prepared and after their different storage times. From

those curves, it can be seen that the immediate OITs for
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low P-DSC and Rancimat: a HOA, b PH, c BPH, d PHA
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biodiesel–antioxidant mixtures, when compared with bio-

diesel without antioxidant addition, indicate a retarding

effect on oxidation, which decreases with storage time in

most of the studied cases.

The highest oxidation rate time is also shown, which

corresponds to the respective maximum of low P-DSC

peak, which also can be used to evaluate the antioxidant

retarding effect and the loss of its activity with storage

time. The curves were shifted vertically to allow their

better visualization. It can be seen that for both biodiesel,

for the whole storage time, the most efficient antioxidant is

the BPH. In all cases, right after preparing the mixtures,

there is a significant shift of the respective peak maximum

(and of the low P-DSC curve) to the right and, as storage

time increases, this maximum goes to the left, indicating

that there is a loss of antioxidant activity.

Figure 4 shows the evolution of the oxidative stability of

the mixtures (BS-ethyl and BS-methyl with antioxidants) as
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a function of time, during the storage period of 120 days.

These results refer to the respective data obtained by low

P-DSC (OIT) and Rancimat (IT) methods.

The IT and OIT curves of the BS-ethyl mixture with

antioxidant HOA show a gradual decrease of this antioxi-

dant along the storage period (Fig. 4a). The corresponding

curves for the BS-methyl, mixed with this antioxidant,

exhibit a similar behavior throughout the storage period.

For the BS-ethyl mixtures with PH antioxidant (Fig. 4-B),

there is a pronounced decrease in IT and OIT values at the

end of the first 30 days. However, there is a tendency for the

maintenance of the oxidative stability (measured by the two

methods) during the next 60 days. During the last 30 days of

storage, IT values present a higher decrease than OIT for this

mixture. On a different behavior, the OIT and IT curves for

the BS-methyl mixture with PH antioxidant show a contin-

uous decrease during the first 90 days of storage.

The IT and OIT curves of the mixtures of BS-ethyl with

BPH and PHA antioxidants (Figs. 4c, d) show that there is

an increase of the oxidative stability at the age of 30 days

(which is higher for PHA case) and, thereafter, there is a

gradual decrease during the following 90 days, which

presents a higher total decrease for the PHA case, indi-

cating a better efficiency of the BPH antioxidant. OIT and

IT curves for the BS-methyl mixtures with the same anti-

oxidants exhibit a continuous decrease during all the stor-

age periods.

It is important to note that OIT and IT values have both

time units, but come from different kinds of measurements

that result from oxidation phenomena identified in an

analyzed sample, respectively, from exothermic effects or

promoted electrical conductivity changes. Thus, theoreti-

cally corresponding values obtained by each method can-

not be compared directly.

To compare low P-DSC and Rancimat method data, a

non-dimensional parameter was defined for each case and

analyzed as a function of storage time, as presented in

Eq. (1). This parameter (T/T0 %) actually represents the

percentage of each measured OIT or IT values at a particular

storage time, with respect to the corresponding OIT and IT

values at the beginning of the storage period (i.e., at t = 0).

T=T0 % ¼ 100 � Tt= T0 ð1Þ

where T0 = induction time (OIT or IT) at the beginning of

the storage period, Tt = induction time (OIT or IT) at

t days of storage period (t = 0, 30, 60, 90, and 120 days)

Figure 5 shows a set of comparison among the T/T0 %

values, measured by low P-DSC and Rancimat methods,

respectively. The values are shown as a function of storage

time. A constant T/T0 % line corresponding to respective

IT = 6 h, calculated by the Eq. (1), where Tt = 6 h, is also

shown. Results above this line indicate that the stored bio-

diesel still meets the specification for commercial use. The

above non-dimensional parameter used to evaluate the

change in oxidative stability, which actually shows how

the OIT at a definite storage time changes with respect to the

corresponding initial value, allows a better comparison

between the data obtained from each measuring method.

As observed in BS-ethyl and BS-methyl cases, a gradual

decrease in TI and OIT non-dimensional values is noticed as

a function of storage time for all tested antioxidants, by both

methods, although low P-DSC measurements present a

lower percentual decrease than those obtained by Rancimat

method.

As can be seen in Fig. 5, the efficiency of each antioxidant

depends on the storage time and on the kind of biodiesel.

In a general way, up to 30 days of storage, values of the

non-dimensional induction time parameter (Tt 9 100/To)

obtained from both methods are very close to 100 % for

BS-ethyl, except for the PH antioxidant.

The same does not occur with BS-methyl data in the

same period of time, during which, practically, it presents a

decrease, indicating a decrease of the antioxidant activity.

For the following storage months, although in some cases,

the observed changes obtained from low P-DSC data are

lower than those obtained from Rancimat data, in a general

way, respective curves show the same trend. This means

that the low P-DSC can also be used to monitor the change

of the oxidative stability of biodiesel during its storage.

These differences observed between the two methods are

due to the fact that, besides each antioxidant having a dif-

ferent interaction with each biodiesel and different parame-

ters being measured by each method as discussed previously,

Rancimat IT values are dependent on the formation of

volatile compounds during the oxidation steps, while low-

P-DSC OIT values are related with the beginning of the

exothermic oxidation reactions in liquid phase.

Conclusions

• Low P-DSC oxidative induction time measurements

can be used to monitor commercial antioxidant activity

changes during biodiesel storage.

• Changes of antioxidant activity in mixtures with

biodiesel during their storage can also be evaluated

by comparing the time needed to attain the maximum

of low P-DSC peaks.

• As OIT and IT values obtained, respectively, from low

P-DSC and Rancimat methods have both time units, but

come from different kinds of measurements, which also

are done at different stages of the biodiesel oxidative

process, respective values obtained for the same sample

cannot be directly compared.

• A non-dimensional oxidative induction time parameter

defined in this study, which represents the percentage of
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each measured OIT or IT values at a particular storage

time, with respect to the corresponding value at the

beginning of the storage period, can be used to evaluate

the antioxidant activity and efficiency as a function of

storage time.

• For the same mixture, changes of this non-dimensional

parameter, either obtained from OIT or IT values, show

a same trend with storage time, indicating that it can be

obtained applying low P-DSC or Rancimat methods.

• As the efficiency of the studied antioxidants depends on

their composition, their interaction with each biodiesel, and

storage time, this parameter can be used to indicate the best

storage time for each antioxidant–biodiesel mixture.
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