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The Corrosion Inhibition of SS 41 Steel by Shoyu Oil
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The addition of shoyu (soy sauce) oil to an NaCl solution for use as a corrosion inhibitor of SS 41 steel was
investigated by measuring the corrosion weight loss, the polarization curve, the polarization resistance, and the

impedance of the metal-solution interface.

decreased as the shoyu oil was added to NaCl solutions of various concentrations.

The value of the weight loss and the double-layer capacitance, Gy,

The value of the corrosion

current density, I.orr, as calculated from the weight loss, the polarization curve, and the impedance measurement,

decreased with an increase in the concentration of shoyu oil.
steel was observed above an additive concentration of about 0.3%,.
as a corrosion inhibitor of an economical and anti-pollution type.

An efficient inhibition of the corrosion of SS 41
Thus, the shoyu oil was found to be useful
From the results of the IR analysis, the inhi-

bition of the shoyu oil was considered to be caused by the adsorption of fatty acids, especially unsaturated fatty

acids involved in the shoyu oil.

It has been reported by Markina and Misler that
the sodium soaps of synthetic fatty acids of C5—C,
C,0—Cyg, and C;;—C,, are effective as corrosion in-
hibitors of 12Khl MF steel, which is a material used
for boilers.)) The corrosion-inhibition effect by the
adsorption of amine salts of oleic acid on iron in 0.5
M H,SO, (1 M=1 mol dm~3) has been discussed by
Szauer and Brandt.?®) According to some articles,*-%
fatty acid with C;4~C,; atoms has been considered as
exerting the most effective inhibition. Such a cor-
rosion-protection effect is caused by the adsorption of
the anion of fatty acid or the cation of amine. The
adsorption in this case is known to obey the Frumkin
or Temkin isotherm. Further, the adsorption of fatty
acid shows a tendency to increase with an increase
in the length of the aliphatic chain, while the inhibi-
tion effect shows a tendency to decrease with an in-
crease in the number of the double bond of fatty acid.2:3

In the present work, we examined the use of shoyu
oil added to an NaCl solution as a corrosion inhibitor
of metal, for example, SS 41 steel. Since this oil is
a by-product of shoyu production and a mixture of
five kinds of natural fatty acids with C;—C,; atoms,
it was expected to be useful and economical as a cor-
rosion inhibitor of an anti-pollution type. Thus, the
inhibition effect of the shoyu oil was investigated by
measuring the weight loss, the polarization curve, the
interfacial impedance, and the polarization resistance
in a neutral NaCl solution. From the results obtain-
ed, it was found that the shoyu oil inhibits the cor-
rosion of SS 41 steel sufficiently and can be used sat-
isfactorily as an inhibitor of corrosion by cooling water
and industrial water. The corrosion inhibition of shoyu
oil was considered, from the results of the IR reflec-
tion spectrum, to be caused by the adsorption of the
anion of fatty acid.

Experimental

Materials. The shoyu oil used as a corrosion inhibitor
was from intact soybeans and defatted soybeans. Since
these shoyu oils are insoluble in water, soluble sodium salts
of them were prepared according to the procedure shown
in Fig. 1. The sodium salt of shoyu oil from intact soybeans
is abbreviated as SSOI, and the sodium salt of shoyu oil
from defatted soybeans, as SSOD. The compositions of
these SSOI and SSOD are shown in Table 1. This table
shows that the shoyu oils consist of about 809, unsaturated

Shoyu oil, 50 ml
<—Diethyl ether, 150 ml
<— 1 M NaOH, 142 ml
Stirring, 1 h

<«—Ethyl alcohol, 5 ml

Standing, 24 h

I

Diethyl ether layer Water layer
Removal of residual diethyl ether

Evaporation to dry

Product

Fig. 1. Preparation of sodium salt of shoyu oil.
TasLe 1. CowmposiTions oF SSOI anp SSOD

Sodium salt of fatty acid SSOI(%) SSOD(%)
C,;H;,COONa 10.7 16.7
C;;H3;;COONa 9.2 6.1
C;;H;3;,COONa 17.6 27.8
C,;H;,COONa 55.2 45.7
C,;H,,COONa 7.4 3.7

fatty acids and of about 209, saturated fatty acids. The
concentrations of the NaCl solutions used as blank solutions
were 0.003, 0.03, 0.3, and 3%. The concentrations of these
inhibitors were 0.1, 0.3, 0.5, and 1.09, respectively. Before
each run, all the solutions were sufficiently aerated and
adjusted to pH 7. The specimen used was SS 41 steel.

Weight-loss Measurement. The specimen sheet of 25 x
60x 0.5 mm was immersed in the test solution for five weeks
at room temperature. Before use, the specimen was abraded
with emery papers from No. 240 to No. 1200, and succes-
sively washed with distilled water, methanol, and acetone.
In the corrosion weight-loss test at high temperature, the
weight loss of the specimen was measured after the specimen
had been immersed in a test solution maintained at 95 °C
for 3d. The boiling point of the test solution was 95 °C,

Polarization Measurement. A specimen wire 1 mm in
diameter was covered with a mixture of paraffin wax and
pine resin, and only the cross-section of the specimen was
used. The counter electrode was a platinum wire, while
the potential was measured with reference to a saturated
calomel electrode (SCE). The polarization potentials were
scanned from the cathodic region to the anodic region.



January, 1983) Corrosion Inhibition of SS 41 Steel by Shoyu Oil

Impedance Measurement. The specimen used was the
same as that used in the polarization measurement. The 5T
corrosion potential, E...,, of the test electrode was stabilized :';J
1—2 h after immersion. Thus, the measurements of the a 4f
impedance were started when the E,., value was stabilized. g
In the frequency range of 2 kHz—1 Hz, a lock-in amplifier FS,, 3t
(NF Circuit Design Block; model LI-574) was used, while &
in the frequency range of 1 Hz—0.006 Hz, Lissajou’s method g 2f
was used. "

Polarization-resistance Measurement. A specimen rod 4 "go 1f —n
mm in diameter was covered with pine resin except for the § 5 —
bottom 30 mm. The measurement was made by using a of, | ) ) .

0 ol 03 05 1.0

corrosion-rate meter (Hokuto Denko; model HK-103). The
frequency and time of measurement were 0.1 Hz and
110 h respectively.

IR Analysis. Before the IR analysis, the specimen
sheet taken out from the test solution to measure its corrosion
weight loss was vacuum-dried for about 30 min. The angle
of incidence was 12°, and the number of reflections was
one.

Results and Discussion

The weight loss against the concentration of SSOI
is shown in Fig. 2. As may be seen in this figure,
the value of the weight loss was lowered with an in-
crease in the concentration of SSOI and held constant
in concentrations more than 0.3%,. Such a tendency
was also seen for SSOD. In any concentration of
Na(l solution used, the surface of test pieces in the
blank solution became dark brown, and then a reddish-
brown precipitate in the solution was observed. How-
ever, the test pieces immersed in solutions with con-
centration over 0.39, of SSOI and 0.59% of SSOD
kept the same silvery metallic luster as before im-
mersion. Such a surface state may be seen in Photo
1.

Photo 1. Surface state of specimen after corrosion
weight loss for various concentrations of SSOI and
SSOD in 39, NaCl solution at room temperature.

Figure 3 shows a comparison between the shoyu
oil and other inhibitors. Sodium benzoate (SB) and
sodium p-t-butylbenzoate (SBB) have been used as cor-
rosion inhibitors for a long time. As can be seen
from this figure, the outstanding inhibitive effectiveness
at a concentration over 0.3% of SSOI added to a
0.003%, NaCl solution was comparable to that of SB
and SBB.

Table 2 shows the results of the weight-loss test
at 95 °C from the viewpoint of practical utilization.
In general, when an inhibitor is used, the adjustment

Concentration of SSOI/%,

Fig. 2. Corrosion weight loss vs. concentration of SSOI
curves in various concentrations of NaCl solution.

—0—: 0.03%, —A—: 0.3%, —[J—: 39%.
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Fig. 3. Corrosion weight loss vs. concentration of vari-
ous inhibitors in 0.003% NaCl solution.
—QO—: SSOD, —@—: SSOI, —A--:

SBB.

SB, ---[J---:

TaBLE 2. CORROSION WEIGHT LOss AT 95 °C

Weight loss

Soluti _Yelght T8
olution pH mg dm—2 d1
Blank 0.003% NaCl 7.00 2.5
0.1% SSOI 10.28 3.67
0.5% SSOI 10.72 0.87
Natural 19, SSOI 10.90 0.22
19, SSOD 11.10 2.32
. 19 SSOI 9.66 8.72
Synthetic { 19, SSOD 9.90 6.65
19 C,H,,COONa  10.03 0.74
19, C,H,COONa  10.15 3.37
19, C,H;;COONa  10.30 8.94
Comparative ( 1% C,;;H;,COONa 10.15 9.67
19, C,;H,,COONa  10.55 1.68
19, C,H,COONa  11.00 1.01
19, C,H,COONa- 6.62  13.4
C;H,COONa
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Fig. 4. Polarization curves for SSOD in 0.0039% NaCl
solution.
—O—: Blank, ---A---: 0.19% SSOD, --
0.3%, —=o--: 0.5%, —@—: 1.0%.
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Fig. 5. I o vs. concentrations of SSOD curves in vari-
ous concentrations of NaCl solution.
—O—: 0.003%, —A—: 0.03%, —[1]—: 0.3%,
—O—: 3%.

of the pH is very troublesome. Consequently, all runs
at 95 °C were carried out without adjusting the pH.
This table further compares the natural shoyu oil as
a by-product, the synthetic shoyu oil prepared by mix-
ing all the components of Table 1, sodium salt of
five fatty acids containing the components of shoyu
oil, and the fatty acids with C;—C; atoms reported
by Markina et al)) As can be seen in this table,
among all the inhibitors under investigation, natural
SSOI is the most efficient. The natural SSOD is less
effective than SSOI, as can be seen from Photo 1.
However, it seems that both SSOI and SSOD are
efficient corrosion inhibitors in view of the utilization
of by-products.

The polarization curves for SS 41 steel in a 0.0039,
NaCl solution containing SSOD are shown in Fig.
4. The current density of the cathodic process de-
creases with an increase in the concentration of SSOD,
and the E,, .. shifts to the direction of the cathodic

0 20 40 60 80
Time/h

Fig. 6. 1/R vs. time curves in 0.0039% NaCl solution.
—O—: Blank, ---A-:--: 0.19, SSOI, ----[]----:
0.3%, ——<O--: 1.0%.

100 120

region. In general, when oxygen is dissolved in a
neutral solution, the corrosion rate is determined by
the limiting current density due to oxygen reduction.
The decrease in the cathodic current density with an
increase in the concentration of inhibitors indicates a
lowering of the corrosion rate.

The relationship between the I, value and the
concentration of SSOD is shown in Fig. 5. At each
concentration of NaCl solutions, the I, .. value can
be seen to decrease with an increase in the concen-
tration of SSOD. Consequently, the SSOD is regard-
ed as a good corrosion inhibitor. However, the I,
value shows something of a tendency to increase at
the concentration of 0.39, of SSOD. Since the deter-
mination of I, from the polarization curves is ar-
bitrary, such a tendency may be attributed to the
method of drawing the line.

Figure 6 shows the time dependence of 1/R, which
is the quantity corresponding to the corrosion rate
(I,.,=K|R). The value of 1/R decreases with an in-
crease in the concentration of SSOI. Especially at

a concentration over 0.39%, of SSOI, it is seen to be

lowered for a long time. A similar result was also
obtained for SSOD. From these results, it is con-
sidered that both SSOI and SSOD are fairly sufficient
inhibitors.

Some typical results of impedance measurements at
E,, .. are shown in Fig. 7. In a high-frequency region,
the loci of the circular arcs are seen to be a part o
a semicircle whose center is shifted under the real
axis. On the other hand, straight lines with a slope
of about 45° are obtained in the low-frequency region.
The charge-transfer resistance, R, obtained by the
extraporation of a part of the semicircle to the real
axis was about 850 £ at the blank solution and about
1 kQ at the solution with 0.39% SSOD added. The
straight lines in the low-frequency region seem to be
based on the diffusion of oxygen, because all the so-
lutions used are aerated before each run. Consequent-
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Fig. 7. Complex impedance plane plot at Eg,,; in 3%,
NaCl solution.
—O—: Blank, —A—: 0.3% SSOD.
COMPARISON OF THE RESULTS OBTAINED

N A 39 NaCl soLuTiON

TaBLE 3.

Impedance measurement Weight i—E

SSOD loss curve

% Rey Ca Toorr Toorr Teorr

) pFem? pAcm? pAcm2? pAcm—?

0 850 3980 1290 106.0 35
0.1 950 2130 1160 29.1 19
0.3 1000 1010 1100 18.9 26
0.5 1080 470 1020 17.4 17

ly, the diffusion process of oxygen is the rate-deter-
mining step. The value of C4 calculated from Fig.
7 was about 4000 pF/cm? at the blank solution and
about 1000 pF/cm? at 0.39%, SSOD.

Table 3 shows the values of R,,, Cy;, and /., against
each concentration of SSOD. It can be seen that
the R, value increases with an increase in the con-
centration of SSOD, while the C,, value decreases.
When the R, values, that is, the reaction resistance
of corrosion, becomes greater, the SSOD seems to be
the better inhibitor. On the other hand, the decrease
in Cy can be seen to be based on a reduction of the
surface area of the specimen by a corrosion inhibitor.
This can be explained by means of a Helmholtz par-
allel-plate condenser model:?

Ca = Cu = &(8/d),
where Cy is the Helmholtz capacity; S, the area of
the condenser plates opposite to each other; d, the
distance between the condenser plates, and ¢, the di-
electric constant. These results seem to be evident,
for the SSOD leads to an efficient inhibition with an
increase in the concentration of SSOD. Further, the
values of I..., as calculated from the polarization
curve, correspond very well with those calculated from
the weight loss. However, these I,,,.. values differ
very much from those calculated from the impedance
measurement. This discrepancy can be ascribed to
the fact that the determination of R, is very difficult,
because the center of the semicircle obtained is shifted
under the real axis. Therefore, the I, value with
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Fig. 8. Result of reflection type IR spectrum in 0.3%,
NaCl solution with 0.3% SSOD.
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Fig. 9. Adsorption model of SSOI and SSOD.

respect to R, may be considered to admit of further
argument.

The inhibition mechanism of SSOI was examined
by means of infrared analysis. An example of the
spectrum of the IR reflection type is shown in Fig.
8. It shows the spectrum of a specimen immersed
for 3 d in a 0.39%, NaCl solution containing 0.3%, SSOI.
In the IR spectrum, the two peaks at 2850 and 2900
cm~! represent the stretching vibration of ~C-H of
the methylene group; the peak at 1700 cm1, that of
aliphatic carboxylic acid; the two peaks from 1400
to 1600 cm~!, that of the carboxylate ion, and the
peak at 700 cm™!, the rocking vibration of the poly-
methylene chain. Consequently, the adsorption model
of SSOI and SSOD is roughly represented in Fig. 9.
According to Szauer and Brandt,? when the unsat-
urated fatty acids of C,; were used as corrosion in-
hibitors, the effect of corrosion inhibition is related
to the number of the double bond of fatty acid, and
the inhibition effect decreases with an increase in the
number of the double bond in the order of oleic acid>
linoleic acid>linolenic acid. This is considered to be
caused by the influence of = electrons in the double
bond. In the present study, the adsorption seems to
occur in two steps.®) At first, the hydrophilic carboxy-
late ions adsorb on the metal surface. Subsequently,
the hydrophobic alkyl groups are vertically oriented
to the metal surface toward the bulk solution. How-
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Fig.10. Dependence of logarithm of inhibition coefficient
on surface coverage for iron dissolution.
—O—: Impedance measurement, —A—: weight loss.
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Fig.11. Inhibition efficiency of iron dissolution vs. sur-
face coverage.

—Q—: Impedance measurement, —A—: weight loss.
ever, when the double bond is involved in fatty acid,
the alkyl groups are bent to the metal surface by the
influence of = electrons in the double bond, and then
corrosive chemical species (Cl-, O,, H,O, ef.) come
near to the metal surface. Therefore, it is considered
that the inhibition effect decreases with an increase
in the number of double bonds. As may be seen in
Table 2, linolenic acid exerts the most efficient in-
hibition compared with the other unsaturated fatty
acids. These results differ from those described by
Szauer and Brandt.? Hence, in order to clarify such
a discrepancy, further work would be required from
the standpoint of the influence of the double bond.

According to Wolstenholme and Schulman,® fatty
acid does not simply adsorb on the metal surface, as
is represented in Fig. 9, but makes a complex with
the iron ion which grows relatively thick. However,
the adsorption model in Fig. 9 may be supposed to
show not only unsaturated fatty acids, but also sat-
urated ones such as stearic acid, because it is impos-
sible to discriminate the carboxylate ions of both fatty
acids by IR analysis. As can be seen from Table 1,
since the shoyu oil consists of about 809, unsaturated
fatty acids, the adsorption of SSOI and SSOD would
be caused chiefly by unsaturated fatty acids. Hence,
the adsorption model of shoyu oil shown roughly in
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Fig. 9 may be considered to be reasonable.

It is generally known that the adsorption of fatty
acids on iron obeys Frumkin-Temkin’s isotherm. In
the present work, the adsorption of shoyu oil is also
assumed to obey Frumkin-Temkin’s isotherm. Thus,
we investigated whether the adsorption is chemi-
sorption or physical adsorption. According to
Reshetnikov,'® when the inhibition takes place by
means of physical adsorption, Eq. 1 is valid without
chemisorption, and the inhibition by chemisorption
satisfies Eq. 2:

In y = m0 (l)

z=1-L_y @)
?

where y is the inhibition coefficient which is defined
by the relation y=kjk,,; k and k,,,, the rates of
iron dissolution in the absence and presence of the
inhibitor respectively; Z, the inhibition efficiency; 6,
the surface coverage calculated on the basis of the
capacitance measurement, and m, the constant. In
the present study y and Z were calculated from I,,,,,
which has itself been obtained from the measurements
of the impedance and the weight loss, and 6 is the
value of Gy at K, obtained from the impedance
measurement.

Figures 10 and 11 show the results plotted for SSOD
according to Eqs. 1 and 2. In Fig. 10 the linearity
of In y vs. 6 can not be seen, but the plots of Z vs. 0
in Fig. 11 give a straight line. Consequently, the ad-
sorption in the case of SSOD is regarded as chemisorp-
tion.

In order to elucidate more clearly the adsorption
state of these inhibitors, there seems to be no alter-
native but to wait for future work in situ by means
of optical methods.
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