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The use of natural additives in biodiesel has been investigated, however, there is limited information
in the literature in relation to their influence on corrosion resistance and oxidative stability. This work
aims to investigate the oxidative stability of biodiesel and the corrosion resistance of carbon steel
(AISI 1020) in contact with soybean biodiesel solutions (B100) in the presence and absence of natural
additives such as: rosmarinic acid, curcumin, gingerol, eugenol, thymol and quercetin. Corrosion
and microscopy tests were used to assess corrosion resistance. The Rancimat technique was used to
study oxidative stability. The results obtained indicate that curcumin was the best additive in relation
to oxidative stability, while rosmarinic acid showed better performance in inhibiting corrosion. The
effect of these substances is related to the presence of phenolic compounds or the existence of oxygen

in its molecular structure.
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1. Introduction

Biodiesel is obtained the transesterification reaction of
vegetable oils or animal lipids with metanol or ethanol, in
general, in the presence of basic catalyst, such as KOH and
NaOH. Through this reaction, the feedstock is transformed
into fatty acid methyl or ethyl esters, which constitutes
biodiesel'. Soybean oil is one of the main raw materials
used to obtain biodiesel and in Brazil about 90% of biodiesel
is obtained from soybean oil'. In the process of obtaining
biodiesel from soybean oil, a conversion of 97.5% of oil into
methyl esters was obtained?. In this process, a loss of 10%
was estimated, which tends to be reduced with the recovery
of ethanol and the commercialization of glycerol.

Soybean biodiesel has the advantage of being environmentally
friendly and is obtained from a high yielding oilseed.
However, soybean biodiesel oxidizes very easily because
it contains in its composition fatty acids such as linolenic,
palmitic, oleic, and linoleic acids. These acids are unsaturated
and are therefore easily oxidized, forming oil degradation
compounds such as free acids, alcohols, and peroxides®*.

*email: saionaraluna@gmail.com

The low oxidative stability and corrosion caused by
biodiesel in automotive components can cause significant
damage to the vehicle, making its use impractical. Biodiesel
degradation due to its oxidation occurs over time during
storage and oxidation is accelerated by exposure to air
(presence of water and oxygen), environmental conditions
(heat and light), attack by microorganisms and metals from
automotive materials and containers>®.

Biodiesel oxidation occurs through the process of removal
of oxygen and / or hydrogen from the carbon chain, producing
hydroperoxide, peroxides and carboxylic acids’™. Oxidized
biodiesel has higher viscosity because of the occurrence of
a polymerization reaction involving double bonds, which in
later stages lead to the formation of hydroperoxides. These
can produce insoluble materials, such as gum and sediments
that can obstruct the fuel filters'”.

Increased viscosity leads to weak fuel atomization and
consequently biodiesel enters the crankcase which can cause
engine failure'’. In the oxidized state it has been found'
that biodiesel increases the emission of organic substances
harmful to human health such as acrolein, formaldehyde,
and acetaldehyde, in addition to increasing NOx emissions'.
The oxidation of the biodiesel can also cause corrosion of
components of the fuel injection system due to the elevation
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of acidity and the presence of hydroperoxides resulting
from oxidation'’.

It is well-known that biodiesel is more corrosive than
petroleum diesel, and that biodiesel causes corrosion of
metallic components of engine fuel systems®. The higher
corrosiveness of biodiesel is attributed mainly to the fact
that biodiesel absorbs a greater amount of water from the
atmosphere and has a higher electrical conductivity than
petroleum diesel. The higher electrical conductivity favors
the oxide-reduction reaction, thus making the corrosive
process more intense. Biodiesel is hygroscopic and after
long storage this can hydrolyze the ester bond giving rise to
the formation of free fatty acids (FFA) that have corrosive
characteristics™.

With the addition of antioxidants to biodiesel it is
possible to increase its oxidative stability and reduce its
corrosiveness. Antioxidant additives do not completely
stop oxidation, but significantly inhibit this process. This
effect is attributed to the donation of hydrogen atoms or
electrons from the antioxidant to the free radical (mainly
peroxyl radical) thus neutralizing the oxidation reaction'.
The release of H atoms is generally from the OH and / or
NH groups present in the additive'!S.

Synthetic phenolic additives, such as, pyrogallol (PY),
tertbutylhydroquinone (TBHQ), butylated hydroxytoluene
(BHT), and propylgallate (PG) have been used as antioxidants
in biodiesel and have shown a satisfactory effect!’. However,
artificial antioxidants are expensive and are generally toxic,
non-biodegradable, and obtained from non-renewable raw
materials. The use of natural antioxidant in biodiesel is
therefore interesting. Nevertheless, little attention has been
paid to the use of natural antioxidants in biodiesel'® until now.
This is because is recent the concern to use non-polluting
and biodegradable products obtained through renewable raw
materials, as occurs with natural antioxidants. Research is
necessary to evaluate the use of natural additives and test
their effectiveness.

One of the most promising natural additives to be used
as an antioxidant in biodiesel is turmeric extract which is
a have a phenolic compound. It has been found' that the
addition of curcumin raises the oxidation induction period
of soybean biodiesel by up to 83%.

Carbon steel is the most used material in the manufacture
of equipment and pipes such as high pressure line, feed tank,
inlet and exhaust valve*for biodiesel handling. Corrosion of
carbon steel does not occur in pure biodiesel, however, the
presence of sulfur molecules, acid compounds or water can
cause chemical attack®. H,CO, formed from the adsorption
of CO,, O,, and H,0 in biodiesel acts as a corrosive on steel'.

Regarding the effect of the presence of water on the
corrosion of carbon steel in biodiesel, it has also been
suggested® that water droplets in contact with the steel
surface cause the presence of a corrosion cell by differential
aeration. According to this mechanism, the anodic reactions
occurs on the steel surface in contact with the central part of
the water droplet, while the cathodic reaction occurs at the
water-biodiesel interface due to the higher concentration of
oxygen in that region.

In contact with biodiesel, the corrosion of carbon steel
is related to the oxidation reaction of Fe to Fe** in the anode
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and in the cathode to the reaction of reducing oxygen in the
presence of water. As a result of the reaction of Fe ions with
0,, CO,, and H,0, corrosion products are formed based on
oxides, hydroxides and carbonates of Fe?***. While oxides
and hydroxides are present in petroleum diesel, the presence
of organic compounds FeCO, and Fe,O,CO, also occurs in
biodiesel, formed from the reaction between unsaturated
fatty acids with the steel surface®. Chemical reactions for
the formation of FeCO, are presented in Equations 1 and 2%.

RCOOR1 —> RCOO* + R1* (D

2RCOO* + Fe— FeCOy+ R—R + CO )

It has been proposed that the formation of Fe,0,CO, occurs
through the chemical reaction between H,CO, and FeO(OH),
which is produced through the redox reaction between Fe,
O,, and H,0,. With the formation of corrosion products,
mainly iron rust (Fe(OH),), the anode reaction is partially
blocked, however, the residual alkali in biodiesel interact
with corrosion products which results in the deterioration
of the quality of the biodiesel*>.

The corrosion inhibition mechanism of carbon steel in
biodiesel is related to the addition of corrosion inhibitors in
the biodiesel. Corrosion inhibiting additives do not totally
inhibit the corrosion caused by the biodiesel to the metal
components of the engine, but they reduce corrosion by
increasing the lifespan of the metal components®. This
effect of the additives is attributed mainly to the formation
of adsorbed monolayer films at the metal-solution interface
which, prevents further interaction between the metal and
the biodiesel*” and also due to the possible reaction between
the additive and the oxidation product, with the consequent
reduction of the corrosive characteristic of the biodiesel.

The additives that act as corrosion inhibitors in biodiesel
are generally organic compounds containing heterocyclic
compounds, hydroxyl group, nitrogen, and oxygen atoms,
whose free electrons form a bond with the surface of the
metal. In the protection against the corrosion of carbon
steel in biodiesel in general additives containing hydroxyl
group are used, such as butylated hydroxytoluene (BHT),
tert-butylamine (TBA), tert-butylhydroquinone (TBHQ),
pyrogallol (PY) and propyl gallate [TG]*%.

TBA is one of the most efficient corrosion inhibitors with
an inhibition efficiency of about 86.5% for carbon steel and
iron casting using 250 ppm TBA in palm biodiesel*’. This
effect of TBA is attributed to the presence of the amine group
in its structure which, enables the formation of a protective
film against corrosion. The presence of the N atoms in the
TBA form a bond with the metal surface, thus allowing the
formation of a Fe nitrate hydrate protective layer.

It has been found that the addition of BHT to a 20%
biodiesel-diesel blend results in an inhibition of the corrosion
of carbon steel of about 95%?. The effect of BHT is attributed
to the presence of a lone pair of electrons of the OH group
through which the additive molecules is adsorbed on the metal
surface. BHT resulting in increased corrosion resistance is also
attributed to the inhibition of biodiesel oxidation. However,
in palm biodiesel it was found that BHT is not significantly
effective in raising corrosion resistance®.
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The action of TBHQ as a corrosion inhibitor in biodiesel
has been studied in galvanized steel immersed in soybean
biodiesel®. This effect is attributed both to a possible formation
of a protective layer on the metal surface and to a possible
reaction of the additive with the oxidation products of biodiesel
resulting in the reduction of the corrosiveness of biodiesel.

The effect of additives in the corrosion inhibition of the
carbon steel immersed in soybean biodiesel has been studied
and it was found that propyl gallate was the most effective
product (83% effectiveness) followed stearic acid (75%)
and Beta-carotene (62%)?. This effect is attributed to the
performance of the additives as antioxidants in biodiesel
retarding the formation of free radicals with the consequent
reduction in the corrosiveness of the biodiesel.

Regarding the effect of PY on the inhibition of corrosion
resistance of steel, it was found® that this additive reduces
the corrosion of mild steel in palm oil biodiesel. This effect
is attributed to the presence of the hydroxyl group which, in
addition to having antioxidant activity, acts as free radical
trapping agents.

In addition to synthetic phenols, natural additives can be
used in biodiesel to serve two functions: corrosion inhibitors
and antioxidants.

Curcumin, rosmarinic acid, thymol, gingerol, eugenol
and quercetin are active compounds from various plant
sources. In their structural formula there is the presence of
OH groups, which can enable the action of these compounds
as antioxidants®. Figure 1 shows the structural formula of
these compounds. In the curcumin, rosmerinic acid, gingerol,
and eugenol compounds, oxygen is present through which a
protective layer can be formed on the metal surface. These
antioxidants are obtained from plants grown in Brazil and
are easily available. The plants are generally grown by small
farmers, and increased demand for these products can benefit
these producers. Furthermore, as can be seen in Table 1,
the cost of natural additives is generally lower than that of
artificial additives, with the exception of the quercetin. This
table also shows the cost of a liter of biodiesel containing these
additives. In calculating these values, a cost of biodiesel of
Cr $ 3.0 per liter and the density of 0.872 g/ ml for soybean
oil was considered.

Although the effects of curcumin, rosmarinic acid and
gingerol, on the oxidative stability of biodiesel have been

Table 1. Cost of additives (R$ Kg') and cost of biodiesel with
Additive (1000ppm) (US$ L).

Cost of biodiesel

Additive Cost of Additive with Additive
(US$Kg') (1000ppm)
(USSLY)
Rosemaryinic acid
(namra])ry 7.44 0.587
Thymol (natural) 8.56 0.589
Eugenol (natural) 15.23 0.593
Curcumin (natural) 5.14 0.585
Gingerol (natural) 15.50 0.595
Quercetin (natural) 25.83 0.605
TBHQ (artificial) 24.32 0.603
BHA (artificial) 25.33 0.605
BHT (artificial) 22.23 0.601

studied previously!'**%7 it is not clear how the presence
of these additives affects the corrosion resistance of steel
in biodiesel. Regarding the other additives, as far as is
known, the effect of these additives on oxidative stability
and corrosiveness of biodiesel is not clear in the literature.

The present work aims to investigate the effect of the
natural organic compounds curcumin, rosmarinic acid, eugenol,
gingerol, quercetin, and thymol on the oxidative stability and
corrosion inhibition of soybean biodiesel. Additionally, the
action of the natural additives on the corrosion resistance of
carbon steel was investigated.

2. Experimental Procedure

2.1 Sample preparation

AISI 1020 carbon steel specimens were used to perform the

analyses, which were prepared according to the following steps:

1. Stage: Cutting the steel plate to obtain rectangular
specimens with an area of 4 cm?.

2. Stage: Drilling the 2mm diameter hole close to the
edge of the specimens.

3. Stage: Sanding of the specimens with silicon carbide
(SiC) sandpaper with a particle size between 220
to 1200.

4. Stage: After sanding, the specimens were washed
with distilled water, acetone and again with
distilled water to remove fat, grease and dirt from
the sandpaper, meeting the standards SAE J17473%.

5. Stage: Immersion of the specimens in a solution
of 40 ml of soy biodiesel.

6. Stage: After 90 days, the specimens were removed
from the soy biodiesel solution, washed with soap
and water to remove corrosion products, and then
washed with distilled water and acetone.

7. Stage: In the presence of strongly adhered corrosion
products, the specimens were immersed in a solution
containing 5% citric acid for a maximum time of 10 s.

8. Stage: After being removed from the citric acid
solution, the specimens were washed with distilled
water to eliminate the waste of this solution, and
dried with paper towels.

Figure 2 shows a flowchart of the procedure used to

prepare the specimens.

The methyl soybean biodiesel sample used in the
development of this study was produced in the laboratory by
transesterification reaction and was used as the immersion
medium. Methanol (85 g) and KOH (1.5 g) were added to
a 150-mL beaker. After stirring for 30 min to dissolve the
KOH, the solution was added into a 500-mL ballon containing
300 g of soybean oil and this reaction was stirred for 110 min
at 45 °C. Then the mixture was transferred to a separating
funnel and allowed to rest for 1 h to separate the biodiesel and
glycerin phases. The glycerin was removed, and the biodiesel
phase was washed with hot water (50 °C) to remove residual
alcohol, glycerin, catalyst, and other unwanted compounds.
Finally, the biodiesel was filtered with anhydrous sodium
sulfate previously dried in an oven for 6 h.

The natural additives added to soy biodiesel were obtained
from dried vegetable mass and the extracts were prepared
using the Soxhlet method®, using methanol as a solvent. The
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Figure 1. Strutural formula of active substance present in natural extracts used as biodiesel additives: rosemaric acid (a)*', curcumin (b)*2,
eugenol (c)¥, gingerol (d)*, quercetin (e)*, and thymol (f)*¢.
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Figure 2. Flowchart of the procedure used in the preparation of the specimens.
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Table 2. Analyzed compounds and the respective sources from
which they were obtained, in addition to the scientific name of
the compounds.

Additive
Vegetable (main active Scientific name
compound)
Turmeric Curcumin Curcuma longa L
Clove Eugenol Dianthus caryophyllus
Ginger Gingerol Zingiber of icinalis
Stone breaker Quercetin Phyllanthus niruri

Rosemary Rosmarinic acid Rosmarinus officinalis

Thyme Thymol Thymus vulgaris

additives were obtained from the extracts of the following
sources: turmeric, clove, ginger, stone breaker, rosemary, and
thyme. Table 2 shows the Compounds used as additives and
the respective plant sources from which they were obtained,
with the additives corresponding to the main components.

In the procedure for obtaining the compounds 10.00 g
of the dried plants was weighed, wrapped in a filter paper
and placed in the cellulose cartridge and then placed in the
extractor. Extraction occured under heating and refluxing
of the solvent in an intermittent process for a period of
approximately 8 h until solvent clarity occured at full extraction.

The effect of the compounds as antioxidants and corrosion
inhibitors in soy biodiesel was analyzed by adding 1000 ppm
of the compound to biodiesel.

There is a critical concentration of antioxidant below
which the effectiveness of the antioxidant increases with
increasing concentration. From that concentration, there is
no improvement in antioxidant activity. It has even been
reported that in most cases for a given concentration above
the critical concentration, the antioxidant acts as a prooxidant
and promotes the degradation reaction'>*. It is reccommended
that the concentration of the antioxidant be between the
critical concentration and the concentration of saturation'>.

The concentration of 1000 ppm was chosen based on
results published in the literature. This concentration was
analyzed in studies on the effect of curcumin and gingerol
on the oxidative stability of biodiesel and it was found that
this concentration is sufficient to significantly increase
periodic induction. The results also show that the 1000 ppm
concentration is below the saturation concentration'®?’. In
addition, the 1000 ppm concentration was used in a large
study’s on the effect of different artificial and natural additives
on the antioxidant activity of different types of biodiesel.

However, the effect of the concentration of the additive
on the oxidative stability of biodiesel depends on the type
of additive*'. Therefore, in future work, the effect of the
concentration of additives on the stability and inhibition
of biodiesel corrosion will be analyzed, including the
determination of the critical concentration of the additives.

2.2 Corroded surface analysis

After the immersion test, X-ray diffraction (XRD)
analysis was performed with a SHIMADZU machine and
XRD-6000 model to analyze the corroded carbon steel
surfaces. The image of the surface texture covered by corrosion
products was captured using a TESCAN and VEGA3LMU
scanning electron microscope (SEM) and OLYMPUS optical

microscope, model U-25LBD. The compositional alteration
of the elemental exposed surface was examined via energy-
dispersive X-ray spectroscopy (EDS) Oxford Instruments
brand and model 51-ADD0007.

2.3 Corrosion rate and retardation efficiency of
inhibitor
The average weight loss of the triplicate coupons after
the immersion was measured to quantify the metal corrosion
rate and the corrosion retardation efficiency of the inhibitors

using Equations 3 and 4 according to NACE Standard
RP0775-2005%:

KxWw
= 3
R pxAxt )
n{(CRi—CR)}xloo (4)
TPCp

In Equation 3, C,, W, D, t, and A are the material corrosion
rate (um y'), weight loss (g), density of material (g cm™),
immersion time (h), and exposed area (cm?), respectively.
InEquation4, 77, C,, and C,, represent inhibition efficiency,
material corrosion rate in B100, and corrosion rate in additive-
doped B100, respectively.

2.4 Rancimat and peroxide value

The oxidative stability (induction period) of biodiesel
was measured using a Rancimat Metrohm model 743 in
accordance with EN 14112 standard®.

The methodology for determining the peroxide value
began with the weighing of 5.00 + 0.05g of the soybean
biodiesel sample in a 250 mL Erlenmeyer. Then, 0.5 ml of
the saturated 10% potassium iodide solution was added and
left to stand with gentle stirring for about 1 minute. After
that, 30 mL of a mixture of acetic acid and chloroform (3:2)
was added. Agitation is required for complete solubilization
to occur. Then, 30 mL of distilled water was added and
titration started with the (0.1 N) sodium thiosulfate solution
until the yellow color completely disappeared, then 0.5 mL
of'starch indicator (1%) solution was added and the solution
took on a bluish character. Titration was continued until the
blue color had completely disappeared. In parallel, a blank
test was also performed following the same method. The
peroxide value was calculated using Equation 5:

(B—A)xNx fx100 (5)

m

Peroxidevalue =

where A is the volume (mL) of the standard volumetric
Na,S O, solution used for the blank test; B is the volume
(mL) of the standard volumetric Na,S O, solution used for
the sample titration; N is the normal concentration of the
standard volumetric Na,S,0, solution used; f'is the correction
factor; and m is the mass of the sample (g).

2.5 Kinematic viscosity, water content and acid
value
The acid value was measured according ASTM D 1293-99*+

(indicated by the pH value of distilled water in contact with
biodiesel). The sample was titrated with NaOH (0.1 mol L) using
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phenolphthalein as indicator. The parameter acid value is
expressed as the amount (mg) of sodium hydroxide needed
to neutralize one gram of the biodiesel.

The kinematic viscosity of biodiesel was obtained
according to the ASTM D445-03 Standard Test Method™®.
In order to obtain this parameter, a Modular Rheometer
Physica model MCR50 was used, at temperature of 40 °C.
The Experimental conditions were established using the
software RHEO 2000 Version 2.6®, as described: a) Analysis
time: 120 seconds for ascending curve and 120 seconds for
descending curve; b) Shear gradient: from 0 to 125 rpm
(3.75(1/s)to 750 (1 /s).

The water content in biodiesel was obtained according
to the ASTM D6304-16 Standard Test Method*®. This
method consists of determining the amount of water in the
biodiesel through chemical and electrochemical reactions,
spontaneous and induced, developed in a solution rich in
iodide and sulfur dioxide. A coulumetric titrator model C20
from Mattler Toledo was used. The coulumetric reagent used
was HYDRANALTM Coulomat AG.

3. Results and Discussion

3.1. Physicochemical properties of soybean
biodiesel

Table 3 shows parameters related to the physicochemical
properties of the recently produced soy biodiesel and after
90 days. This table also displays the specifications established
by the National Agency of Petroleum, Natural Gas, and
Biofuels (ANP) in accordance to Resolution 14/2012.

Regarding the physicochemical parameters analyzed,
Table 3 shows that the soybean biodiesel used in the present
work is within the limits permitted by the ANP resolution,
even after 90 days storage.

The acid value indicates the amount of free fatty acids
in the biodiesel. The increase in acid values may favor
corrosion of the metal components of the engine*’. Regarding
the effect of adding natural additives on the acid value of
biodiesel, it was observed that the addition of curcumin does
not significantly affect this parameter'?, and the relationship
between this effect and the oxidative stability of the biodiesel
has not been established. The relationship between the effect
of ginger on the oxidative stability of biodiesel*” has also
not been established.

A kinematic viscosity value above the limit established
by ANP’s Resolution 14/2012 can cause problems in the
operation of an engine, such as increased coking of the
injector, plugging of the fuel filter, and sticking of moving
parts’. With the increase in storage time, see Table 3, there is
an increase in kinematic viscosity, which is attributed to the
formation of high molecular-weight polymeric compounds*.
Regarding the effect of additives on the kinematic viscosity,
it was found that the addition of additives did not cause a
significant change in the viscosity of B-100, and it is not
possible to establish a relationship between this effect and
oxidative stability, as well as the corrosivity of biodiesel.
With the exception of curcumin, the presence of additives
did not increase the kinematic viscosity of biodiesel. The
presence of curcumin caused a slight increase in kinematic
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Table 3. Physicochemical parameters of the recently produced soy
biodiesel (B100-0 days) and after 90 days (B100-90 days).

Limit
. . B100-0 B100-90  (ANP)
Properties Unity days days  Resolution
14/2012
Kinematic )
viscosity at 40 °C mm?/s 4.55 5.34 3.0-6.0
Maximum water mg/Kg 192 250 500
content
Acid values mgKOH/g  0.15 0.19 0.5

Table 4. Biodiesel induction period (IP) values in the absence and
presence of 1000 ppm additives and oxidative stability efficiency (77).

Additive IP (h) 1 (%)
—————————— 3.79 -
Curcumin 7.29 92
Eugenol 5.91 56
Gingerol 6.55 73
Quercetin 7.01 85
Rosmarinic acid 7.10 87
Thymol 7.25 91

7 - oxidative stability efficiency

viscosity after 90 days of storage, with the biodiesel viscosity
increasing from 5.34 mm?/ s to 5.64 mm?/ s, while staying
within the limit established by ANP’s Resolution 14/2012.
This effect is consistent with the results obtained by De
Souza et al.".

The presence of water can damage the oxidative stability
of biodiesel by favoring hydrolysis and the proliferation of
microorganisms'’. As can be seen in Table 3, there was water
absorption in biodiesel during storage, however, within the
limit established by the ANP Resolution 14/2012. With the
addition of the additives, it was found that there was no
significant change in the water content of both the newly
obtained biodiesel and the biodiesel stored for 90 days.

3.2. Effect of additives on oxidative stability of
soybean biodiesel

The effect of additives on the oxidative stability of
biodiesel (B100) was evaluated by determining the induction
period. Table 4 shows the values of the biodiesel induction
period in the absence and presence 1000 ppm of the additives.
These values obtained by the Rancimat method at 110 °C
show an induction period of B100 of 3.79 h. According to
N 14214* the minimum time for biodiesel to oxidize is around
6 hours which indicates that the biodiesel analyzed in the
present work is appropriate for the addition of antioxidants.
The additives analyzed here increase the induction period of
B100 indicating that they act as antioxidants. This antioxidant
effect depends on the molecular structure of the active
substances present in natural extracts, which are shown in
Figure 1. These substances have aromatic systems that are
effective in capturing free radicals'. Several additives that
have a suitable antioxidant activity have in the aromatic
system OH and / or NH groups, which release atoms to the
free radical'>!¢, and a larger amount of OH group tends to
elevate the antioxidant effect.
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The high antioxidant activity of curcumin it can be
attributed to two structural subnits: methylene a from the
carbonyls and the phenolic hydroxyls. In both cases the
antioxidant activity is related to the donation of hydrogen
radical which reacts with reactive oxygen species (ROS) and
neutralizes possible cellular damage than resulting from the
presence of these intermediates™ (Figure 3).

Among the additives analyzed, curcumin from turmeric
extract is the one with the highest OH group number in the
aromatic system which is consistent with the longest induction
period obtained for this additive. The higher induction period
caused by the addition of thyme to biodiesel may be related
with the structure molecular of'its principal active substance
the thymol (Figure 1). This phenol has one isopropyl group in
ortho and one methyl group in meta position to the hydroxyl.
The high antioxidant activity of this active compound can be
explained by the inductive electron donor effect by isopropyl
and methyl groups that makes it easier to release hydrogen
by the hydroxyl group.

Stone breaker extract and rosemary extract also have
antioxidant compounds (quercetin and rosmarinic acid) with
a greater number of OH groups in their aromatic system,
resulting in a longer induction period than the addition of
ginger and clove extracts that contain a smaller number of
this group in their main active compounds (gingerol and
eugenol). The longer induction period of gingerol compared
to eugenol may be related to the longer length of the gingerol
chain, however, it is not clear how this difference can affect
the induction period.

Among the additives analyzed only the addition of
extract the turmeric (curcumin), thyme (thymol), rosemary
(rosmarinic acid), and stone breaker (quercetin) allowed the
analyzed biodiesel to reach the induction period of 7.29 h,
7.25 h, 7.10, and 7.01 h, accepted by the current norms.
However, the effect of the additive on making the biodiesel
induction period accepted by the standards depends on the
biodiesel induction period in the absence of the additive.
The induction period is very sensitive to storage time, and
this parameter decreases with the storage time of biodiesel.

The peroxide values of B100 in the absence and presence
of rosmarinic acid, eugenol and curcumin are shown in
Table 5. These results show that the presence of additives
decreases the peroxide value of B100, and this effect is
most intense in the sample containing curcumin, which has
a negligible peroxide value.

The peroxide value (PV) indicates the amount of
hydroperoxide that initiates the oxidation process and is
related to the extent of primary oxidation''"!. A lower PV
indicates greater stability of the initial oxidation state of the
biodiesel. Therefore, the results in Table 5 indicate that the

addition of the additive inhibits the early stages of oxidation
of the biodiesel. This effect is most intense in the sample
containing curcumin, which has a negligible peroxide value.

A lower PV value is related to a lower amount of lipid
peroxides which are primary lipid oxidation products.
However, PV determination is susceptible to interference
through molecular oxygen and reactions of liberated iodine
with other components in the system?®¢

Comparing the PV values with the induction period in
Table 4, it can be seen that the sample with curcumin that
exhibits a greater induction period has a lower PV, while
the sample with eugenol that exhibits a lesser induction
period has a greater PV. These results therefore show that
a lesser extent of primary oxidation contributes to a greater
oxidative stability of the analyzed biodiesel.

3.3. Effect of additives on corrosion resistance of
soybean biodiesel

Figure 4 shows the corrosion rate of carbon steel in
B100 in the absence and presence of 1000 ppm of different
additives. Table 6 shows the corrosion inhibition efficiency
of'these additives. These results, obtained through mass loss
measurements, show that the corrosion resistance of carbon
steel increases with the presence of the analyzed additives
showing that they act as corrosion inhibitors. Curcumin and
rosmarinic compounds have the highest protective effect,

Table 5. Peroxide values in pure biodiesel sample (B100) and
samples with additives.

Sample ppm Peroxide value (mEq Kg')
B100 0 15.96
Rosmarinic acid 2000 13.3
Eugenol 2000 14.8
Curcumin 2000 0

Table 6. Corrosion inhibition efficiency (77) of these additives on
carbon steel in B100 in the absence and presence of 1000 ppm of
different additives.

Simple 17 (%)

B100 -

Rosmarinic acid 60.5
Curcumin 61.8
Eugenol 49.8
Gingerol 55.8
Quercetin 50.5
Thymol 45.3

17 - Corrosion inhibition efficiency
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Figure 3. Curcumin action as an antioxidant and anticorrosive.
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Figure 4. Corrosion rate of carbon steel in B100 in the absence and presence of 1000 ppm of different additives.
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Figure 5. Appearances of carbon steel coupons observed by light microscopy after immersion in B100 in the absence and presence of

various additives.

while the corrosion rates of the other additives are within
the margin of error.

Figure 5 illustrates the appearance of carbon steel
coupons observed by optical microscopy before (Figure 5a)
and after immersion for 90 days in B100 in the absence and
presence of various additives. The sample exposed to B100
in the absence of additive exhibit severe corrosion attack
additives (Figure 5b). The degradation of the steel carbon

surface can be attributed to a chemical interaction between
the metal surface and the biodiesel. However, the degree
of corrosion attack is comparatively less in the presence of
additives curcumin and rosmarinic (Figures Sc,d).

The SEM micrographs of carbon steel surface after
B100 exposure for 90 days in the absence and presence
of additives are illustrated in Figure 6. The carbon steel
surfaces immersed in B100 in the absence of additives are
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B100 (2)

B100/Eugenol (&)

B100/Curcumin (b}

B100/Rosmannic acid (c)

Figure 6. SEM micrographs of carbon steel surface after B100 exposure for 90 days in the absence and presence of additives.

severely damaged by corrosion attack with the presence
of large corrosion pits (Figure 6a). The SEM images
(Figures 6b-d) of samples immersed in B100 containing
additives exhibit a reduction in corrosion attack with the
presence of significantly smaller corrosion pits. These pits
are smaller in SEM image of samples immersed in presence
of curcumin (Figure 6b) which is consistent with the mass
loss tests that show a lower corrosion rate for the samples
immersed in the presence of this additive.

The EDS analysis results of the carbon steel surface
after immersion in B100 in the absence and presence of
different additives is shown in Figure 7. Upon exposure to
biodiesel, ferrous metal forms iron oxides, which are non-
protective corrosion products®?. A greater quantity of these

products therefore indicates a higher rate of corrosion. The
addition of additives to B100 decreases the concentration
of iron oxides (Figures 7b-d) which indicates a reduction
in corrosion attack. This decrease is more intense with the
addition of curcumin and rosmarinic acid, which is consistent
with previous findings indicating that these additives are more
efficient in increasing corrosion resistance than eugenol.
Figure 8 shows the XRD patterns of the carbon steel
surface before and after immersion in B100 in the absence
and presence of additives. The diffraction peaks corresponding
to corrosion products are not clearly identified in the XRD
patterns. However, the XRD patterns indicate the location
of possible corrosion products of carbon steel in biodiesel
according to the standard sheet for these compounds
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Figure 8. XRD patterns of the carbon steel surface before and after immersion in B100 in the absence and presence of additives.

(COD 7204904 Fe)*'. The XRD patterns show that the intensity
corresponding to Fe,0,, Fe,O,H,, and Fe O,, around 20.5°,
25°, and 31.8°, respectively, is higher in the XRD patterns
corresponding to the absence of additives. This indicates a
lower presence of corrosion products in the B100 containing

additives which is consistent with the increased corrosion

resistance caused by the presence of additives. However, it
is not possible through the XRD patterns to clearly state the
effect of the different additives.

The corrosion mechanism of carbon steel in contact with
soy biodiesel is based on oxygen and H" reduction reactions
in the cathodic region and on the oxidation reaction from
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Fe to Fe?" at the anode. While the reduction reaction of
oxygen occurs at the water droplet-biodiesel interface due
to the higher concentration of oxygen in that region, the
oxidation reaction occurs on the steel surface in contact
with the central part of the water droplet®.

Previously in the introduction, it was seen that the
corrosion products from the reaction of the Fe ions with the
substances O,, CO, and H,O*?, result in the formation of
oxides, carbonates and hydroxides, respectively. Thus, the
corrosion mechanism is related to the presence of substances
that act as a source of H".

When water is in contact with biodiesel, it has two
effects associated with its presence: it causes the occurrence
of corrosion by differential aeration and the increase in
ionic conductivity that results in hydrolysis reactions for
the formation of fatty acids®*. Soybean biodiesel contains
methyl esters and oxygenated chemicals, including alcohols,
carbonyl chemicals and organic acids®. As methyl esters
and organic substances are acidic, they act as a source of
H, contributing to the corrosion of steel*.

In the present work, the corrosion inhibition mechanism
of the analyzed additives probably involves the formation
of'a protective adsorbed layer on steel surface>?’%. It is also
possible that the corrosion inhibition mechanism is related to
the action of the additives analyzed to increase the oxidative
stability of soy biodiesel>?®. According to the results obtained
in relation to the induction period, the additives investigated
in the present work increase the oxidative stability of soybean
biodiesel. Therefore, it is possible that these additives may
react with the oxidation products of biodiesel which results
in the reduction in the corrosivity of biodiesel. However,
the effect of additives as corrosion inhibitors could also be
related to the formation of a surface protective layer.

The adsorption of a sufficient coverage of stable protective
layer over metal surfaces blocks direct chemical attacks between
the metal and the biodiesel?**2, thus increasing the corrosion
resistance of metal in biodiesel. The protective capacity of
this layer is related to the intensity of interaction between the
atoms of the additive molecule and the metal surface. It has
been found”” that the adsorption of additive molecules via
heterocyclic moiety N atoms (protonated amine), as with the
TBA, exhibits a stronger interaction compared with that via
OH group, which results in a more protective surface layer
in carbon steel. Adsorption via lone pair electron of the OH
group, as with the BHT, is considered insufficient to form a
corrosion-protective adsorbed layer on carbon steel in palm
biodiesel””. However, the performance of the additive as a
corrosion inhibitor depends on several factors, such as biodiesel
feedstock, concentration of biodiesel in the blend, and of the
metal surface in contact with biodiesel*®. It has been found®
that in biodiesel blend B20, which is less corrosive than
palm biodiesel, the addition of BHT allows the formation of
a protective film that inhibits the corrosion of carbon steel.

In the present work, the presence of the OH group
contained in the analyzed additives may have been sufficient
to form a corrosion-protective adsorbed layer on steel carbon
in soybean biodiesel, which has a lower acid value than palm
biodiesel and, therefore, is less corrosive®. In the cases of
curcumin, rosmarinic acid, gingerol, and quercetin additives
the formation of the protective layer can also occur through

the electrons present in the oxygen which can result in a more
protective adsorbed layer. Analyzing the values of inhibition
efficiency in Table 3 for thymol and eugenol containing
only hydroxyl, it can be observed that thymol exhibits an
inhibition efficiency lower than that of oxygen-containing
additives, however, the values of the inhibition efficiency of
eugenol is within the margin of error of the other additives
with the exception of rosmarinic acid.

Regarding the effect that the reaction of the additive
with the oxidation products of biodiesel can have on the
corrosivity of biodiesel, curcumin, as shown in Table 6, is
the additive with the best oxidative stability performance
and together with rosmarinic acid. it promotes the highest
corrosion resistance. This behavior is consistent with the
fact that greater oxidative stability of biodiesel implies
a decrease in the acidity and peroxide value of biodiesel
resulting in a lower rate of corrosion®**¥, On the other hand,
thymol which, with the exception of curcumin, promotes
oxidative stability superior to that of other additives, is the
least efficient corrosion inhibitor. These results therefore
show that the effect of the adsorbed layer may predominate
over the effect of the additive on oxidative stability. As
can be seen, the mechanism through which the additive
acts as a corrosion inhibitor is complex and the analysis of
the interaction between the atoms of the molecules of the
additives and the metallic surface is not enough to clarify this
mechanism. However, this will be attempted in future work.

4. Conclusion

The addition of 1000 ppm of rosmarinic acid, curcumin,
gingerol, eugenol, quercetin, or thymol natural additives increases
the induction period (IP) of soybean biodiesel. These results
indicate that the addition of any of these additives increases
the oxidative stability of soybean biodiesel. However, it was
only with the addition of curcumin, thymol, rosmarinic acid
or quercetin that the analyzed biodiesel reached the induction
period exceeding 6 h (7.29, 7.25,7.10 and 7.01 h, with a 92,
91, 87, and 85% increase over pure biodiesel IP), accepted
by the current norms, considering that biodiesel analyzed
has an IP of 3.79 h in the absence of additives.

The results obtained through measurements of mass loss
and observation by optical microscopy and scanning electron
microscopy show that the addition of 1000 ppm of additives
extracted from rosemary, turmeric, ginger, clove, and stone
breaker increases the corrosion resistance of carbon steel
(AISI 1020) after 90 days of soaking in soybean biodiesel.
The additives perform similarly in relation to the inhibition
of corrosion. Curcumin (turmeric extract) and rosmarinic
acid (rosemary), perform slightly better while thymol has a
slightly lower performance than the other additives.
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