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The corrosion behaviour of 304 type stainless steel, 1018 carbon steel pure Al and Cu in a chicken fat-
based biodiesel during 180 days has been studied by using electrochemical impedance spectroscopy and
electrochemical noise measurements. Cu and carbon steel had the highest corrosion rate. Both Al and
304 type stainless exhibited a localised, whereas Cu and carbon steel a mixed type of corrosion.
Corrosion process was under charge transfer control for short exposure times, but under
adsorption/desorption control for longer exposure times. The corrosiveness of the biodiesel resulted from
a degradation in its physicochemical properties.
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1. INTRODUCTION

The increasing in energy demand due to a world growing population is causing the decrease in
fossil fuels which can also cause environmental pollution. Due to this, extensive research work is being
carried out looking for alternative sustainable fuels which satisfy the above mentioned demands.
Biodiesel is an alternative fuel that can meet these characteristics [1]. Normally biodiesel is comprised
of alkyl esters of fatty acids derived from renewable feed stock such as vegetable oil and animal fat.
However, most of the biodiesel produced in the world comes from vegetable oils such as soybean oil,
milkweed seed oil, Jatropha curcas, palm oil, sunflower and castor oil [2-9] etc. The residual oil left in
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the fast food industry are also being investigated as a source of biodiesel as well [10]. However, very
little research has been done on the possible use of animal fat as a possible source of biodiesel.

One of the main concerns of the use of biodiesel is the corrosion problems associated with
metallic materials used in automobiles which are in contact with it such as fuel tank, fuel pumps, fuel
feed pump, fuel lines, fuel injector, pistons, exhaust system, etc... [11-19]. The corrosion behavior of
every material used in a biodiesel is different for the different biodiesels. For instance Kaul et al. [20]
studied the corrosion behavior of Aluminum in different biodiesels obtained from Jatropha Curcas,
Karanja, Mahua and Salvadora, finding that he biodiesel obtained from Jatropha Curcas was the most
corrosive, whereas the least aggressive was the biodiesel obtained from Salvadora. Similarly, different
metals have different corrosion behavior in the same biodiesel. Thus, in a research work where different
metallic materials were corroded in palm biodiesel, the corrosion rate of aluminum was lower than the
corrosion rate of copper and brass [21]. In a similar way, Hu et al. [22] evaluated the corrosion behavior
of different metals used in automobiles such as aluminum (Al), copper (Cu), 304 type stainless steel
(304 SS) and 1018 carbon steel (1018 CS) in a biodiesel obtained from rapeseed oil and methanol,
finding that Cu had the highest corrosion rate followed by 1018 CS, whereas the most corrosion resistant
was 3045 SS. Thus, the goal of this research work is to evaluate the corrosion behavior of Al, Cu, 1018
CS and 304 SS in a biodiesel obtained from an animal fat, i.e. chicken.

2. EXPERIMENTAL PROCEDURE.

2.1. Synthesis of Biodiesel.

The synthesis process begins by heating the chicken fat at 50 °C during 24 hours. After this, it is
filtered. A solution consisting of dissolving 5 g of KOH in 200 ml methanol is prepared, which is added
to the filtered obtained chicken fat, heated at 50°C under stirred conditions during 10 minutes. After this,
the obtained product is left during 20 hours, and then decanted.

2.2. Biodiesel characterization.

Chemical characterization of the obtained biodiesel including its density, viscosity, water
contents, acid value and Gas Chromatography mass spectroscopy was carried out as described elsewhere
[23].

2.3. Electrochemical measurements.

Electrochemical techniques electrochemical noise (EN) and the electrochemical impedance
spectroscopy measurements (EIS). A ZRA ammeter from ACM Instruments was used in the EN
measurements, which were carried out in a three electrode cell, where the graphite was used as the
auxiliary electrode, CI"(4M)/Hg2Cl2(s)/Hg(l)/Pt as reference electrode and aluminum (Al), copper (Cu),
1018 carbon steel (1018CS) and 304 stainless steel (304SS) bars, encapsulated in a polymeric resin with
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a surface area of 0.32 cm?, were used as working electrodes. Prior to their immersion in biodiesel during
a period of 180 days at room temperature and static conditions, the metal bars were mirror polished. For
the EN readings in both potential and current, these were taken in blocks of 1024 data, at a sampling rate
of one reading/s. The noise in current readings were taken by using a nominally identical working
electrode. Trend removal was applied by using a least square fitting method. The noise resistance value,
Rn, was determined as the ratio of the potential noise standard deviation, ov, over the current noise
standard deviation, o;. Finally, for the EIS measurements, a Gamry PCI4-300 Potentiostat/Galvanostat
was used for the Electrochemical Impedance Spectroscopy (EIS) measurements in a frequency range of
0.05 - 20000 Hz, with a signal amplitude of 30 mV around the free corrosion potential value, Ecorr.

2.4. Surface characteristics.

Changes in surface morphology and the elemental composition of the corrosion products were
investigated by a LEO 1450 Vp scanning electron microscopy (SEM) attached to an energy dispersive
X-ray spectroscope (SEM/EDS). Corrosion products on the biodiesel exposed metal surface were also
examined by using X-ray diffraction (XRD). The XRD patterns of the corroded samples were recorded
by using a diffractometer (Model: D2 Phaser, Bruker) with a Cu K, radiation (1.5406 x 10° m
wavelength), operated at 30 kVV/10 mA.

3. RESULTS AND DISCUSSION

3.1 Open circuit potential (OCP).

The change in the open circuit potential value (OCP) as a function of time for the different metals
exposed to the chicken fat biodiesel is shown in Fig. 1, where it can be seen that this value shifted to a
more active values as time elapsed for all metals regardless of its chemical composition. This indicates
that although at the beginning of the test the metal surface was covered by a kind of protective film and
its reactivity was very low, this film became more porous as time elapsed, less adherent to the metal,
with an increase in the corrosion rate. Depending upon the nature of these corrosion products, they can
be protective or non-protective. Fazal et al. [14] reported Fe20s, Fe202CO3 and Fe(OH)s as the formed
compounds on mild steel exposed to palm biodiesel included, whereas only Al(OH)s was reported to be
found for Al and for Cu it was found Cu20,CuQO, Cu(OH)2 and CuCOs [21]. Towards the end of the test,
the most active OCP values were for Cu and 1018 carbon steel, whereas the noblest values were for Al.
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Figure 1. Variation in the open circuit potential value, OCP, for the different metals exposed to the

chicken fat-based biodiesel.
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Figure 2. Nyquist diagrams for 304 type stainless steel at different exposure times to chicken fat-based

biodiesel.

3.2 EIS measurements

Nyquist diagrams for the different metals exposed to chicken fat biodiesel as a function of the
exposure time are shown in Figs. 2-5 respectively. It can be seen from these figures that regardless of
the metal chemical composition data describe a single, depressed, capacitive semicircle at all frequency
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values during the first 90-120 days of exposure to the biodiesel, indicating a charge transfer-controlled

process.
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Figure 3. Nyquist diagrams for Al at different exposure times to chicken fat-based biodiesel.
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Figure 4. Nyquist diagrams for 1018 carbon steel at different exposure times to chicken fat-based
biodiesel.



Int. J. Electrochem. Sci., Vol. 15, 2020 339

80
N’g‘ 3
60 Er | eeaien,
A c.
NE :) ‘:f% >—b
° ’ ' b2 2(Gohm c?nz) ! ¢
1S 40 | re
<
[}
e __ou—n—u—g0days
2 ol
N _m~__®15days
e
20 " o® .
g9, A-A-A-A—4-430 days
.. VAV'Vf‘
L vy
60 days
90 days
0 . 1 . \ ) . )
° 20 40 60 80

Z_ (Gohm sz)

Figure 5. Nyquist diagrams for Cu at different exposure times to chicken fat-based biodiesel.
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Figure 6. Change of the total impedance with exposure time for the different metals exposed to chicken
fat-based biodiesel.

However, for times longer than 120 days or so, data describe a capacitive semicircle at high and
intermediate frequency values, and a second inductive loop at lower frequency values, as reported for
Al exposed to palm biodiesel [19], indicating a corrosion process controlled by a relaxation process due
to the adsorption/desorption of species. The capacitive diameter corresponds to the charge transfer
resistance, Rct, equivalent to the polarization resistance, Rp, which is inversely proportional to the lcorr
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value, and it can be seen that for the different metals the Rct value decreases as exposure time elapses,
indicating an increase in the corrosion rate. This is more evident in Fig. 6 were the change in the total
impedance as time elapses for the different metals is plotted. This plot clearly shows a decrease in the
total impedance as the exposure time increases, indicating an increase in the corrosion rate. Additionally,
as reported by some other works with the weight loss technique [12, 22], the metal with the highest
corrosion rate when exposed to a rapeseed oil biodiesel was Cu followed by 1018 carbon steel, whereas
the most corrosion resistant was 304 type stainless steel.

Figure 7. Equivalent circuits used to model EIS data a) during the first 120 hours, and b) times longer
than 120 hours of exposure to chicken fat-based biodiesel.

Table 1. Electrochemical parameters used to simulate the EIS data of the different metals exposed to the
chicken fat based biodiesel.

Rs CPEq Ret CPE; Ry L
Metal Day  (Ohmcm? (Flcm?) Nai (Ohm cm?) (F/lcm?) N (Ohmcm?)  (Hcm?)

304 SS 0 9.2 x10° 1.6x10% 0.71 9.9 x 10° 1.3x10%° 098 9.4 x 10%° --
180 6.7 x 10° 24x10% 0.99 49x10° 5.2x10%° 0.49 1.8 x10° 3.4x10°

Al 0 3.3x107 8.7x107 0.78 3.3x107 2.7x10%° 099 5.9 x 10%° --
180 2.8 x 10 3.2x107 0.99 2.4x10° 8.4x10% 035 6.2 x 10° 2.5x10°

1018 CS 0 1.9 x 108 8.5x10% 0.52 1.9 x 106 1.0x 10  0.98 8.0 x 10%° --
180 3.6 x10° 2.8x10° 0.99 5.5 x 10° 2.6x101° 0.20 3.8x10° 2.0x10°

Cu 0 7x10° 1.1x10% 042 6.7 x 10° 21x10%° 099 7.0 x 100 -

180 4.1x10* 2.7x10% 0.99 7.4 x108 3.1x10% 0.25 1.6 x 10° 1.2x10°

EIS data can be fitted by a combination of resistances, capacitors and inductances, i.e. Electric
circuits as those given in Fig. 7 where the biodiesel resistance is given by Rs, the charge transfer
resistance is represented by Rc, the double layer capacitance by Cuai, the inductive element and its
resistance by L and Rv respectively, the resistance of any formed film on to the surface metal and its
capacitance by Rt and Ct[24]. However, to take into account heterogeneities on the metal surface which
deviate the response from an ideal one, a constant phase element (CPE) is introduce to replace an ideal
capacitor. The impedance of a CPE is described by the expression:

Zcre = Y1 (iw)™ (3)
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where Y is a proportional factor, i is V-1, w is 2af, f the frequency and n is a parameter that gives
metals properties such as roughness [24]. Results for the first and last days of exposure to the biodiesel
are given in table 1.

This table shows the high resistance value of the solution, which is normal for a biodiesel,
however, this value decreases between 2 and 3 orders of magnitude towards the end of the tests, which
implies an enhancing of the electrochemical processes, with an increase in the corrosion rate as time
elapses. Another important feature to be noted, is that regardless of the metal chemical composition, the
resistance of the corrosion products, Ry, is much higher than the charge transfer resistance, R, indicating
that the metal corrosion resistance is given by the film formed by the corrosion products. In addition to
this, the CPEs value increases as time elapses in all cases. We can explain this by taking in to account
that the capacitance is proportional to the product of the film dielectric constant and the vacuum electrical
permittivity and inversely proportional to the film thickness [25]. Thus, the increase in the capacitance
or the CPEt is due to an increase in the dielectric constant or to a decrease in the film thickness. Finally,
at the beginning of the tests, when the corrosion rate is low, the metal surface roughness is low and the
ns value is close to 1.0, but as the corrosion rate increases, the metal surface becomes rougher with a
decrease in the nr value, approaching to a value of 0.5.

3.3 EN mesurements

As a way of example, Fig. 8 shows atypical time series for the noise in current and in potential
for 304 type stainless steel after 1 and 180 days of exposure to the chicken fat-based biodiesel. It can be
seen that at the beginning of the test, time series consist of transients with low intensity and high
frequency combined with some transients of much higher intensity but lower frequency, indicative of
the rupture of any protective film and its re-building or metastable pitting type of corrosion [26]. As we
have established above, Fe20s, Fe202CO3 and Fe(OH)s were the compounds formed on to mild steel
and Al(OH)s on Al and Cu20, CuO, Cu(OH)2 and CuCOswhen Cu exposed to palm biodiesel [21]. Thus,
the observed transients are due to the rupture of these films and to their repair. After 180 days of exposure
to the biodiesel, the intensity of the observed transients has decreased considerably and time series
consist mainly of transients with low intensity and high frequency, indicative of a metal undergoing a
uniform type of corrosion.
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Figure 8. Electrochemical noise in current (a and b) and potential (c and d) after 1 and 180 days of
exposure for 304 type stainless steel to chicken fat-based biodiesel.
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Figure 9. Change of the noise resistance value, Rn, with exposure time for the different metals exposed
to chicken fat-based biodiesel.
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Figure 10. Change of the localization index value, L.I., with exposure time for the different metals
exposed to the chicken fat-based biodiesel.

We can obtain a noise resistance value, Rn, by the ratio between ov, over o, for the different
metals exposed to the chicken fat-based biodiesel are given in Fig. 9. Although there is some scatter in
the data, the general trend of the Rn value is to decrease as time elapses, similar to the trend exhibited by
the total impedance shown in Fig. 6. Additionally, in a similar way to the total impedance data shown in
Fig. 6, the highest Rn value was for Al and 304 type stainless steel, whereas the lowest values, and thus
the highest corrosion rates, were exhibited by Cu. Thus, different techniques give similar results, which
is very encouraging. However, it should be noticed that the total impedance values are up to 4 orders of
magnitude higher than the Rn ones. Maybe this is because the total impedance values includes all the
resistance values, including solution resistance (which are within the order of 10° ohm cm?), charge
transfer resistance and the resistance of the corrosion products, which are related with uniform type of
corrosion, whereas R is related with localized events.

In order to predict the type of corrosion that each metal si susceptible to, a parameter called
Localization Index (L.I.) was calculated according to the following equation:

Ll = i“i 4)

rms

where ims is the current root mean square value [27]. A metal is very susceptible to localized
corrosion when the values for L.I. lie between 1 and 0.1, to a mixture of both uniform and localized
corrosion when the values for L.I. valuese between 0.1 and 0.01, and towards uniform corrosion when
L.1. is between 0.01 and 0.001. Fig. 10 shows that during the first 120 hours of exposition, the metals
are susceptible to a mixed type of corrosion, i.e. a mixture of localized and uniform type of corrosion,
but towards the end of the tests, the 4 metals should be susceptible to generalized, uniform type of
corrosion.
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3.4 Analysis of corroded samples

Micrographs of corroded surface metals exposed to 180 days to the chicken fat-based biodiesel
are shown in Fig. 11. where it can be seen that for 304 type stainless steel and Al, Fig. 10 a and b, a
localized type of corrosion is the dominant type of corrosion although some incipient uniform type of
corrosion is evident.

Figure 11. Micrographs of corroded surfaces for a) 304 type stainless steel, b) Al, c) 1018 carbon steel
and d) Cu exposed to chicken fat-based biodiesel.

However, for 1018 carbon steel and pure Cu, Fig. 10 ¢ and d, the dominant type of corrosion was
uniform one, but some pits cold be seen. It is evident from this figure, that the most damaged surface
metal was Cu, followed by 1018 carbon steel, whereas the metals which were marginally corroded by
the biodiesel were 304 type stainless steel and Al, as reported by some other workers [12, 22, 29]. X-ray
patterns of the corrosion products found on top of the corroded metals are shown in Fig. 11. For 304
type stainless steel, only Cr203 oxide was found, which is normally developed by stainless steels and it
is the responsible for the great corrosion resistance of these steels [28]. For Al, Al2Os was detected,
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which is also well known to be a very protective oxide, which provides a high corrosion resistance to Al
and its alloys [30-32]. Thus, both Cr203 and Al20s oxides are responsible for the relatively high
corrosion resistance of 304 type stainless steel and Al in chicken fat-base biodiesel. For 1018 carbon
steel, it was found Fe(OH)2 and Fe20s whereas for Cu Cu(OH)z, Cu(COs)2 and Cu20 were detected,
which, according to the presented results, did not bring a high corrosion protection for 1018 carbon steel
and Cu exposed to chicken fat biodiesel. These results are similar to those reported in literature. Thus,
Fazal et al. [14] found Fe203, Fe202C0O3 and Fe(OH)s for mild steel, AI(OH)s for Al and Cuz20, CuO,
Cu(OH)2 and CuCOsfor Cu exposed to palm biodiesel [21]. The reason of why species such as Cu(COzs)2
and Cu20 were detected is very likely to be due to the absorbed water due to the hygroscopic nature of
biodiesel [12], Oz and CO2 from the atmosphere [14].

3.5 Biodiesel composition.

Physicochemical properties of the obtained chicken fat biodiesel before and after being in contact
with Al and 1018 carbon steel are given in table 2, were it can be seen that the density of the biodiesel
remained practically unaltered during the corrosion test, however both kinematic viscosity and acidity
increased in a considerable way whereas the water contents decreased after the corrosion test. As a
standard, the maximum total acid number (TAN) for a biodiesel has been established as 0.80 mg KOH/g
[33], higher than the reported in our case, 0.70 mg KOH/g, and it increases due to a oxidation of biodiesel
whereas it is in service.

Table 2. Differences in physical-chemical properties of chicken fat biodiesel before and after exposure
of aluminum and 1018 carbon steel at room temperature during 180 days.

After corrosion test

Property Before corrosion test
Al 1018 CS
Density (g/cm?®) 0.8914 0.9033 0.9029
Kinematic viscosity (cSt) 9.0955 17.40 17.15
Acidity (mg KOH/qg) 0.7 83.028 74.052
Water content (ppm) 7090 5000 4300

The TAN number is a parameter which provide an indication of the degree of the biodiesel
oxidation for its contact with metals [20] with the formation of acids [34]. By exploring data on table 2,
it is clear that the degree of TAN number increased after exposure to the different metals such as Al and
1018 carbon steel. However, the TAN number after the corrosion are extremely high as compared with
those for carbon steel exposed to palm oil biodiesel where values lower than 2.0 were reported [14],
which indicates that the chicken fat-based biodiesel is greatly oxidized. In a similar way to oxidation of
biodiesel, the presence of water in the biodiesel will increase the biodiesel corrosiveness.
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Table 3. GC-MS analysis showing compositional differences of the chicken fat biodiesel before and
after exposure to aluminum and 1018 carbon steel during 180 days.

Name / Molecular Formula % of Area

B100 B100/ B100/

Initial Al 1018CS
Methyl (Z)-tetradec-11-enoate CisH2s02 0.315 0.462 0.464
Methy| tetradecanoate CisH3002 1.219 1.82 1.737
Ic\:/lle;'m/ol éZE,lOE)-?,10-hexadecad|enoate 0.952 0 0
Methyl (Z)-hexadec-9-enoate C17H3202 9.72 11.328 11.058
Methyl hexadecanoate C17H3402 24.787 26.66 26.638
Methyl heptadecanoate CisHss0z2 0.238 0 0
IC\:/Ilzmil cfz,122)-octadeca-9,12-d|enoate 9.397 3.799 3595
Methy!l (E)-octadec-9-enoate C19H3602 17.139 0 0
Methyl (Z)-octadec-9-enoate C19H3602 26.522 0 0
Methyl octadecanoate Ci19H3s02 8.425 10.433 10.564
elzenonte Cooe 030
NTERELD 0 T00 g o
lc\:/lime);l O(;LOE,13E)-1O,13-|cosad|enoate 0.408 0 0
Methyl (E)-icos-11-enoate C21H4002 0.688 1.65 1.516
Methyl icosanoate C21H4202 0.227 0.301 0
Methy! octanoate CoH1802 (C8:0) 0 0.528 0.558
(2E,4E)-deca-2,4-dienal C10H160 0 0.516 0.539
Methyl 9-oxononanoate CioH1803 0 1.597 1.531
Methyl 8-[2-[[2-[(2-ethylcyclopropyl)
methyl]cyclopropyl]methyl]cyclopropyl] 0 0.545 0
octanoate C22H3ss0O2
Methyl (Z)-octadec-11-enoate Ci9H3602 0 40.02 40.733
ey B8, o o oms o
Jiloctnoats Cotla0r o o o
Bis(2-ethylhexyl) benzene-1,2-dicarboxylate 0 0 0.69

C24H3804
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Figure 12. XRD patterns of the corrosion products found on top of a) 304 type stainless steel, b) Al, c)
1018 carbon steel and d) Cu exposed to chicken fat-based biodiesel.

Analysis of compositional change of chicken biodiesel before and after its exposure to metallic
surfaces, table 3, shows that some components disappear or appear in a lower amount and some others
appear after being in contact with the different metals. Some of the major reduction with respect to the
initial condition corresponds to the methyl esters with a greater number of unsaturations, like Methyl
(7E,10E)-7,10-hexadecadienoate (from 0.252% to 0%), Methyl heptadecanoate (from 0.238% to 0%),
Methyl (9Z,12Z)-octadeca-9,12-dienoate (from 9.397% to 3.722%), Methyl (10E,13E)-10,13-
icosadienoate (from 0.408% to 0%), Methyl (7E,10E,13E)-icosa-7,10,13-trienoate (from 0.35% to 0%)
Methyl (5Z,82,11Z,14Z)-icosa-5,8,11,14-tetraenoate (from 0.313% to 0%). This may be a consequence
of reactions resulting from th contact with metals or the absorption of O2 and CO2 from moisture.
Different types of compounds like short chain esters (methyl octanoate and methyl 9-oxononanoate),
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unsaturated aldehydes, (2E,4E)-deca-2,4-dienal; diester (bis(2-ethylhexyl) benzene-1,2-dicarboxylate)
and other such as methyl 8-[2-[[2-[(2-
ethylcyclopropyl)methyl]cyclopropyl]methyl]cyclopropyl]octanoate, methyl 8-[(2R,3R)-3-octyloxiran-
2-yl]octanoate and methyl 8-[(2S,3R)-3-octyloxiran-2-yl]octanoate are produced after exposure of
biodiesel to metal. This is in agreement with previous studies on the effect of water, O2, methanol, free
glycerol, free fatty acids, impurities, metals in contact, etc., on the degradation of saturated and
unsaturated compounds of biodiesel [14, 15, 17, 21].

Absorbed water from the environment can react with esters to convert them back to fatty acids
such as formic, caproic, acetic and propionic acids, increasing the biodiesel corrosiveness [35]. It has
been reported [33] that metals such as copper, brass, lead and zinc accelerate the oxidation of biodiesel
increasing their corrosion rates. In addition to increase the biodiesel corrosiveness, these compositional
changes can degrade the properties of the biofuel as reported in table 2.

4. CONCLUSIONS

Corrosion behavior of 304 type stainless steel, Al, 1018 carbon steel and Cu in a chicken fat-
based biodiesel has been studied. Results have shown that corrosion rate increases with exposure time.
Metals with the highest corrosion rates were Cu and carbon steel, whereas A. and 304 type stainless steel
exhibited the lowest corrosion rate. Pure Al and 304 type stainless steel exhibited mainly a localized
type of corrosion such as pitting, whereas Cu and carbon steel exhibited a mixed type of corrosion.
Corrosion process was under a charge control for all metals during the first 120 days of exposure, but it
was controlled by an adsorption/desorption process for longer times than this. The corrosiveness of the
chicken fat-based biodiesel is due to its oxidation for its contact with the different metals, increasing the
TAN number, viscosity, and by forming new aggressive compounds.
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