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In general, we compared the different inhibition mechanisms of organic inhibitor with that of anodic inhibitor. When
triethanolamine or nitrite was added separately to tap water for inhibiting the corrosion of ductile cast iron, large amounts of
inhibitor were needed. This is because the corrosion inhibitors had to overcome the galvanic corrosion that occurs between
graphite and matrix. In this work, we investigated the corrosion of ductile cast iron in tap water with/without inhibitors. The
corrosion rate was measured using chemical immersion test and electrochemical methods, including anodic polarization test. The
inhibited surface was analyzed using EPMA and XPS. Test solutions were analyzed by performing FT-IR measurement. When
triethanolamine and nitrite coexisted in tap water, synergistic effect built up, and the inhibition effect was ca. 30 times more effective
than witnessed with single addition. This work focused on the synergistic effect brought about by nitrite and triethanolamine and

its novel mechanism was also proposed.

1. Introduction

Recently, many research studies have reported about the dif-
ferent kinds of corrosion in nuclear power plants. In a nuclear
power plant, the length of pipelines is approximately 30~
40 km. These pipelines are installed and operated on a regular
basis in a nuclear power plant: and each pipeline is separately
maintained by taking into consideration the application
system and internal water chemistry. Such pipelines usually
get damaged due to corrosion, which should be tackled
immediately and effectively [1]. The safety and soundness
of these pipelines are increased remarkably by the following
factors: corrosion, growth of microorganisms, and fouling. In
order to mitigate the problems caused by corrosion, cathodic
protection and corrosion inhibitors are applied [2-4].

In general, 3 kinds of corrosion inhibitors have been
used in engineering fields [5]. Anodic inhibitors increase the
potential of the metal or alloys up to the critical protection
value. They are called anodic passivating inhibitors. On
the other hand, cathodic inhibitors increase the cathodic

polarization overvoltage (hydrogen and oxygen reduction).
Thick deposits form in the presence of these inhibitors
and decrease depolarizer diffusion to the metal surface,
inhibiting the cathodic reaction and corrosion. Organic
inhibitors contain sulfur, nitrogen, or oxygen atoms and
organic heterocyclic compounds containing polar groups [6-
10]. These compounds adsorb and form a covalent bond on
the metal surface [11]. They may also act as a barrier film
by blocking anodic and cathodic active sites or decreasing
electroactive species transport rate to or from the metal
surface.

Corrosion inhibitors, such as nitrite, chromate, silicate,
molybdate, and hydrazine, are usually used for mitigating
problems caused by corrosion. It has been reported that these
chemicals are quite effective in inhibiting corrosion [13, 14].
In a previous study [12], we described the corrosion inhibiting
mechanism of nitrite ion on the passivation of carbon steel
and ductile cast iron (DCI) in nuclear power plants: the
corrosion of carbon steel and DCI is immensely mitigated by
the addition of NaNO,. In order to ensure similar corrosion
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TaBLE 1: Chemical composition of the experimental alloy.
. Chemical composition, wt%
Material
C Mn P S Si Cu Mo Ni \% Fe
%181)15 castiron 4 g0g 0.173 0.022 0.026 1.528 0.023 0.028 0.059 0.016 bal.
*KS D4311.

resistance, ca. 100 times more NaNO, addition is needed
for DCI than for carbon steel. Nitrite, which is one of
the representative anodic inhibitors, inhibits corrosion by
forming a Fe,O; oxide film on the metal surface [15-22].
The NO,™ ion is reduced to nitrogen compound and this
compound is easily adsorbed on the surface of graphite. In
summary, nitrite ion is required to oxidize the surface of
matrix: it is also required to passivate the galvanic corroded
area. Moreover, since it is adsorbed on the surface of graphite,
a greater amount of corrosion inhibitor has to be added to
DCI than to carbon steel. Furthermore, a passive film of
carbon steel and DCI is formed after the addition of NaNO,:
this film shows N-type semiconductive properties and greater
resistance. Consequently, the passive current density of the
film decreases. Thus, the rate of corrosion is decelerated in
this film.

However, to inhibit the corrosion of DCI in tap water, it
is not advisable to add 100k ppm nitrite in engineering fields:
the concentration of nitrite should be minimized in this case.
Nevertheless, when two kinds of corrosion inhibitors coexist,
a synergistic effect is achieved [23-26]. Although researchers
reported extensively about this synergistic effect, they could
not clearly elucidate the mechanism through which this
synergistic effect was elicited. This work focused on how
the synergistic effect of nitrite and triethanolamine (TEA)
inhibited the corrosion of DCI. TEA, as an organic inhibitor,
inhibits corrosion by forming adsorption layer [27, 28].
Adsorption layers depend upon the metal microstructure,
inhibitor concentration [29, 30], chemical structure, pH [31],
temperature [32, 33], and immersion time [34, 35]. The
combination of two inhibitors was evaluated using chemical
and electrochemical methods. Therefore, we proposed the
mechanism of the synergistic effect elicited by two inhibitors.

2. Experimental Procedure

2.1. Materials and Corrosion Environments. DCI (KS D4311)
[36] was used in this work. Table1 shows the chemical
composition of experimental alloy. The test solution was
tap water. Nitrite (as NaNO,) and TEA were added in
concentrations of the order of ppm.

2.2. Corrosion Tests

2.2.1. Immersion Corrosion Test. A specimen was cut to a
size of 20 x 20 x 5mm and each surface of this specimen
was ground using #120 SiC paper. Immersion tests were
conducted in 500 mL glass flask containing stagnant solu-
tion. Test solutions were tap water with xppm corrosion

inhibitors. Corrosion inhibitors were sodium nitrite and tri-
ethanolamine. Test temperature was 25°C. After performing
the immersion test, each specimen was cleaned with acetone
and alcohol. Then this specimen was dried. Finally, the
corrosion rate of this specimen was determined.

2.2.2. Electrochemical Tests. Specimens were cut to a size of
20 x 20 mm. After connecting these specimens in an electrical
circuit, they were epoxy-mounted. Then, the surface of these
specimens was ground using #600 SiC paper. Finally, these
specimens were coated with epoxy resin, except an area of
1cm®. A polarization test was performed using a potentiostat
(DC 105, Gamry Instruments), the reference electrode was a
saturated calomel electrode, and the counter electrode was
Pt wire. Test solutions were tap water with x ppm corrosion
inhibitors. Corrosion inhibitors were sodium nitrite and
triethanolamine. Test temperature was 25°C. The test solution
was deaerated using nitrogen gas: this gas was purged at a rate
0f 200 mL/min into the solution for 30 minutes. The scanning
rate was 0.33 mV/sec. In order to measure the AC impedance,
the specimens were ground using #2,000 SiC paper. Then,
these specimens were polished using a diamond paste (its
diameter was 3 ym). The test solution was the same as that
used in polarization test. To measure AC impedance, we used
an electrochemical analyzer (EIS300, Gamry Instruments).
Before measuring AC impedance, passivation was performed
on DCI at +200mV and 0 mV (SCE) for 30 minutes. AC
impedance was measured ranging from 10kHz to 0.01Hz
and the AC voltage amplitude was 10 mV. Thereafter, a Mott-
Schottky plot was constructed to determine the semiconduc-
tive properties of the passive film. The specimen preparation
was the same as that used in the measurement of AC
impedance, and the DC amplitude was 10 mV (peak-to-
peak) at 1,580 Hz of AC frequency [37]. The capacitance was
measured at a scan rate of 50 mV/sec: the potential was varied
between +1V (SCE) and -1V (SCE).

2.2.3. Surface Analysis. X-ray Photoelectron Spectroscopy
(XPS, K-alpha (Thermo VG, UK), Al-K, (1486.6¢V, 12kV,
and 3mA)) was performed to determine the chemical state
of several species in the passive film. The specimen was cut to
a size of 20 x 20 x 5mm, and it was ground with #2000 SiC
paper. Thereafter, it was polished with a diamond paste, which
was 3 ym in diameter. Finally, the specimen was cleaned with
alcohol using an ultrasonic cleaner. DCI was passivated by
immersing it in 100,000 ppm NO, ", 100,000 ppm TEA, and
3,500 ppm NO, ™ + TEA, respectively. The immersion process
was carried out for 72 hours. The depth profile was obtained
every 5 seconds by Ar-sputtering. In addition, an Electron
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FIGURE 1: The effect of single addition and coaddition of corrosion inhibitor on the corrosion rates of DCI (25°C tap water + x ppm corrosion

inhibitor). (a) NO,~, (b) TEA, and (c) NO, ™ + TEA.

Probe Microanalyzer (EPMA, EPMA-1600, 15 KV) was used
to identify the elemental distribution of passivated surface.
Optical Microscope (OM, Zeiss Axiotech 100 HD) and
scanning electron microscopy with energy dispersive X-ray
spectroscopy (SEM (Tescan Vega II LMU) EDS (OXFORD
ISIS-300)) were used. Furthermore, to investigate the surface
compounds, FT-IR (Fourier Transform-Infrared Spectropho-
tometer, Nicolet 6700, Thermo Nicolet, USA) analysis was
performed.

3. Results

Nitrite is one of the representative anodic inhibitors, while
TEA is one of the organic inhibitors. As reported earlier
[38, 39], nitrite can inhibit the corrosion of DCI in tap water;
however, a large amount of nitrite was needed to completely
mitigate corrosion. Therefore, we tried to develop a novel
method that inhibits corrosion effectively. Figurel shows
the effect of single and coexisting corrosion inhibitors on

the corrosion rates of DCI in tap water at 25°C (in this
paper, N means a nitrite and T implies TEA: 1k N represents
1,000 ppm nitrite). When tap water did not contain any
corrosion inhibitors, the corrosion rate of DCI was 54.6 ym/y.
When 5,000 ppm of corrosion inhibitors was added to tap
water, the corrosion rates of DCI increased regardless of the
concentration of nitrite or TEA. However, with the addition
of 10,000 ppm of corrosion inhibitors, the corrosion of DCI
decreased. Nevertheless, the corrosion rates of DCI were still
relatively high. Finally, with the addition of 100,000 ppm of
corrosion inhibitors, the corrosion of DCI was completely
inhibited in tap water. However, such a high concentration
of corrosion inhibitors was not a practical solution in engi-
neering aspects. On the other hand, the coaddition of nitrite
and TEA greatly reduced corrosion of DCI in tap water; the
coaddition of 1,000 ppm nitrite and 1,000 ppm TEA brought
down the corrosion rate to 26.9 ym/y. Finally, the coaddition
of 1,000 ppm nitrite and 2,500 ppm TEA absolutely inhibited
the corrosion of DCI in tap water: this occurrence is known
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able passive range was formed when the concentration
of TEA was increased to 100,000 ppm. This behavior was in
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FIGURE 4: Effect of corrosion inhibitors (N: NO,", T: TEA) on Mott-Schottky plot for the passive film formed at 0 V (SCE) in deaerated tap

water at 30°C. (a) Nitrite addition. (b) TEA addition.

of coadded corrosion inhibitors on the anodic polarization
curve of DCI in deaerated tap water at 25°C. When nitrite was
increased at constant 2,500 ppm TEA, passivation behavior
improved. Furthermore, the coaddition of 1,000 ppm nitrite
resulted in a stable passive range (Figure 3(a)). In addition,
when TEA was increased at constant 1,000 ppm nitrite,
passivation behavior improved; the coaddition of 2,500 ppm
TEA resulted in a stable passive range (Figure 3(b)). Thus,
the electrochemical test proved that the synergistic effect was
brought about by the coaddition of nitrite and TEA.

In general, a protective film can be easily formed on the
surface by the addition of corrosion inhibitors. Semicon-
ductive properties are exhibited by the passive film formed
on the surface: these properties can be evaluated using a
Mott-Schottky plot. Figure 4 displays the effect of corrosion
inhibitors on Mott-Schottky plot, which represents the sur-
face film formed at 0 V (SCE) in deaerated tap water at 25°C.
By increasing the concentration of nitrite, C"> values were
increased. Interestingly, regardless of the concentration of
nitrite, the passive film exhibited only N-type semiconductive
properties. However, in the case of TEA addition, capacitance
did not develop at any of the concentrations of TEA. Figure 5
shows the effect of corrosion inhibitors on AC impedance,
which developed on the surface film that was formed at 0V
(SCE) in deaerated tap water at 25°C. Just as in the case of
Mott-Schottky plot, AC impedance also increased with an
increase in the concentration of nitrite. On the other hand,
regardless of its concentration, TEA addition did not cause
any impedance. Thus, two corrosion inhibitors prevent the
corrosion of DCI through different mechanisms.

After immersing DCI in tap water containing corrosion
inhibitors, EPMA analysis was performed and the formation
of other materials on the surface was detected. Test solutions
were prepared at the concentration that prevented the corro-
sion of DCI. Figure 6 shows the elemental distribution on the

surface of DCI, which was passivated for 72 hours in tap water
containing 100,000 ppm of NO,  at 25°C. The elemental
distribution was obtained by performing EPMA analysis of
the surface of DCI under these conditions [12]. SEM image
of DCI reveals the presence of spheroidized graphite in the
matrix. Iron was depleted on the graphite, while carbon was
enriched on the spheroidized phase. Oxygen was detected
on the matrix, but it was more enriched on the graphite. A
little amount of nitrogen was also detected on the graphite
(this result has been reported and discussed in an earlier
paper [12]). Figure 7 reveals the elemental distribution on
the surface of DCI, which was passivated for 72 hours
in tap water containing 100,000 ppm of TEA at 25°C. The
elemental distribution on the surface of DCI was obtained
by performing EPMA analysis. SEM image also shows the
irregular pattern of spheroidized graphite. Iron depleted on
the irregular spheroidized phase, while carbon was enriched
on the spheroidized phase. Furthermore, oxygen was more
enriched on the irregular phase than in the matrix, while
nitrogen was enriched on the spheroidized phase. Figure 8
represents the elemental distribution, which was analyzed by
EPMA, on the surface of DCI; the surface was passivated
for 72 hours in tap water containing 1,000 ppm NO,” +
2,500 ppm TEA at 25°C. SEM image shows the spheroidized
graphite: iron was depleted on the spheroidized phase; carbon
was enriched on the spheroidized phase; oxygen was enriched
on the spheroidized phase and also on the matrix, while small
amounts of nitrogen were also detected on the spheroidized
phase.

4. Discussion

As described earlier, when a single addition corrosion
inhibitor (nitrite or TEA) is added to inhibit corrosion
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of DCI in tap water, a very high concentration of the
corrosion inhibitor is required. On the other hand, when
there is coaddition of a small amount of nitrite and TEA, the
corrosion of DCI is effectively inhibited in tap water. Thus,
a synergistic effect was achieved with the coaddition of both
nitrite and TEA. This kind of synergistic effect also occurs in
the passivation of stainless steel by the addition of nitrogen
and molybdenum [40], but this effect is due to the bipolarity
of the passive film. As shown in Figure 1, coaddition of both
nitrite and TEA was almost 30 times more effective than
a single corrosion inhibitor (nitrite or TEA) in inhibiting
corrosion of DCI. On the inhibited surface, the distributions
of elements were similar, regardless of whether there was
single addition of inhibitor (nitrite or TEA) or coaddition
of inhibitors (nitrite and TEA). However, nitrite could form
an oxide film, which exhibited high impedance and N-type
semiconductive properties. In contrast, TEA could not for the
oxide film. Thus, impedance and semiconductive properties
were not exhibited in the absence of oxide film. This makes us
wonder about the origin synergistic effect in these conditions.

Synergistic effect occurred when both nitrite and TEA
were added to tap water. Thus, new materials might have been
formed when both nitrite and TEA were added to tap water.
Figure 9 shows FT-IR spectra obtained after the addition of
inhibitors to distilled water. The concentrations of various
inhibitors were as follows: 100,000 ppm NO, ", 100,000 ppm
TEA, and 50,000 ppm NO, ™ + 50,000 ppm TEA. In the case
of coaddition, we increased the concentration to improve
the sensitivity of FT-IR measurement. In all samples, the
peaks appearing at 1,625 cm ™ are associated with the H-O-H
bending vibration in H, O [41]. In 100,000 ppm nitrite sample,
NO, ™ peak appears in 1,226 cm™" [42]. In 100,000 ppm TEA
sample, the peak at 1,024 cm ™ is attributed to C-N peak. In

the case 0f 50,000 ppm NaNO, + 50,000 ppm TEA sample, we
could detect the following peaks: H-O-H bend peak, NO,~
peak, and C-N peak. No other peaks appeared in the FT-
IR spectrum of this sample. This finding established the fact
that novel materials were not produced when nitrite and TEA
were coadded to tap water. Furthermore, it is confirmed that
synergistic effect was not related to the new materials formed
by the coaddition of nitrite and TEA.

As shown in Figures 6, 7, and 8, the distribution of oxygen
on the surface of DCI depends upon the type of corrosion
inhibitor. When nitrite was added as an inhibition in tap
water, oxygen was detected on both graphite and matrix. This
implies that the matrix is oxidized by nitrite. Furthermore,
nitrite is adsorbed on graphite. When TEA was added as
an inhibitor in tap water, oxygen was mainly adsorbed on
graphite: however, it is rarely adsorbed on the matrix. In
contrast, when there was coaddition of nitrite and TEA in
tap water, oxygen was easily detected on both graphite and
the matrix. Thus, we infer that nitrite oxidized the matrix and
TEA adsorbed on the graphite. Figure 10 shows XPS depth
profile ((a), (b), and (c)) and N1s peaks (@"), (b"), and (c')) of
the surface film formed in the following three conditions: ((a),
(a')) 100,000 ppm NO,™ + tap water, ((b), (b")) 100,000 ppm
TEA + tap water, and ((c), (¢')) 1,000 ppm NO, ™ + 2,500 ppm
TEA + tap water. In the case of nitrite or coaddition samples,
Ols content gradually decreased with depth. But when only
TEA was added to the sample, Ols content drastically reduced
with depth. With these findings, we infer that oxygen was
adsorbed on the outmost surface in the case of samples
containing only added TEA. But, in the case of nitrite or
coaddition samples, oxygen did form an oxide layer on the
surface. On the other hand, as shown in Figures 6,7, and 8, a
small amount of nitrogen was detected only on the graphite.
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Figures 10(a"), 10(b"), and 10(c’) illustrate the chemical state
of Nls. In the case of sample containing only added nitrite
(Figure 10(2")), Nls (its binding energy was around 400 eV)
was detected only at the outmost surface. Moreover, N1s was
not detected by sputtering. In the case of samples containing
only added TEA (Figure 10(b')), Nis (its binding energy was
around 405eV) was detected only at the outmost surface:
N1s was not detected by sputtering (it should be noted that,
around 405 eV, N1s was not due to the presence of nitrite or
nitrate: the appearance of N1s was attributed to the presence
of N-C bond in TEA). However, in the case of coaddition
(Figure 10(c")), Nis (its binding energies were around 400 eV
and 406 eV) was detected only at the outmost surface: Nls
was not detected by sputtering. Therefore, it is confirmed that
nitrogen is also adsorbed on the outmost surface. This finding
completely agrees with the result of EPMA analysis.

In addition to the chemical composition of the sur-
face, the surface properties associated with single addition
and coaddition of inhibitors should be compared. Figure 11
shows the effect of corrosion inhibitors on Mott-Schottky
plot representing the passive film formed at 0V (SCE)
in deaerated tap water at 25°C. As described earlier, the
addition of only nitrite led to development of excellent
semiconductive properties in the medium, but the single
TEA could not develop any semiconductive properties. How-
ever, in the case of coaddition, small capacitance was built
up. Figure 12 compared the effect of addition sequence of
corrosion inhibitors on AC impedance of the passive film
that was formed at 0V (SCE) in deaerated tap water at
25°C. The coaddition of nitrite and TEA had the highest
polarization resistance: the specimen was first immersed
in tap water containing 1,000 ppm nitrite. Then, 2,500 ppm
TEA addition was added to this tap water that already
contained 1,000 ppm nitrite. Under these conditions, the
specimen developed high polarization resistance. However,
the specimen exhibited very low polarization resistance in
the following conditions: the specimen was immersed in
tap water containing 2,500 ppm TEA, and then 1,000 ppm
nitrite was added to this tap water that already contained

2,500 ppm TEA. This behavior indicates that, regardless of
the addition sequence, the presence of nitrite can make the
surface oxidizing: however, if the specimen is first exposed to
TEA solution, the subsequent addition of nitrite cannot bring
about the oxidation of metallic surface. Therefore, it should
be noted that synergistic effect depends upon the addition
sequence of corrosion inhibitors.

In summary, we propose the corrosion inhibiting mecha-
nisms associated with single addition or coaddition. Figure 13
illustrates newly proposed mechanisms that inhibit corro-
sion. In the case of samples containing only added nitrite,
the mechanism has been described elsewhere in detail [12].
Although the concentration of nitrite is not sufficient, nitrite
can oxidize the metallic matrix. However, galvanic corrosion
between graphite and matrix continues to occur. If nitrite is
added in large quantity, the excessive nitrite can cover the
surface of graphite. Finally, at some stage, the entire surface
would get covered with nitrite compound: the oxide film
would also be covered by nitrite. In the case of samples
containing only added TEA, at inadequate concentrations
of TEA, TEA is adsorbed on graphite selectively. Therefore,
galvanic corrosion continues to occur between graphite and
the matrix. If the amount of added TEA is increased steadily,
the excessive TEA can cover the surface of graphite. Finally,
the whole surface will be covered with TEA layer, and this
layer would act as the barrier layer. However, in the case of
coaddition, synergistic effect occurs by the following process:
among the two inhibitors, nitrite oxidizes the metallic surface.
TEA simultaneously adsorbs at the graphite surface and this
adsorbed layer acts as the barrier layer: this layer mitigates the
galvanic corrosion that occurs between graphite and matrix.
Thus, the synergistic effect occurs finally.

5. Conclusions

(1) Although the addition of only nitrite is not sufficient,
nitrite can oxidize the metallic matrix. But galvanic
corrosion still occurs between graphite and matrix.
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If increasing amounts of nitrite are added, then the
excessive nitrite can cover the surface of graphite.
Finally, the entire surface can be covered with nitrite
compound: the oxide film can be covered by nitrite.
Furthermore, although the addition of only TEA is
not sufficient, TEA adsorbs on graphite selectively.
Nevertheless, galvanic corrosion between graphite
and matrix still occurs. If increasing amounts of TEA
are added, the excessive TEA can cover the surface
of graphite. Finally, the entire surface can be covered
with TEA layer, and this layer acts as the barrier layer.

(2) Owing to the synergistic effect of nitrite and TEA,

there was effective inhibition of corrosion of DCI
in tap water: the inhibitory effect was ca. 30 times
more effective than that witnessed with single addi-
tions. This synergistic effect occurs by the following
process: among the two inhibitors, nitrite oxidizes
the metallic surface. On the other hand, TEA gets
adsorbed simultaneously at the graphite surface. This
adsorbed layer acts as the barrier layer that mitigates
the galvanic corrosion between graphite and matrix.
Finally, synergistic effect is achieved.
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FIGURE 13: Newly proposed corrosion inhibiting mechanisms. (a) nitrite single addition [12], (b) TEA single addition, and (c) coaddition of

nitrite + TEA.
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