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ABSTRACT

Ni—Al layered double hydroxide (LDH) was prepared on a

steel plate and fumed alumina by the liquid phase
deposition (LPD) method with NO, inserted between

the layers for rust prevention, and its corrosion- RE:
inhibition effect was investigated. Anion exchange of
the synthesized LDH was carried out by immersing it
in aqueous KOH and NaNO, solutions, separately. The
composition of the obtained Ni—Al LDH is typically
[NI(”)O59A|(”|)031(0H)2]0H031 in OH -type LDH. Electro-
chemical measurements revealed the expansion of the
passive area and a decrease in the corrosion current
in the sample mixed with LDH, compared to the case
with the pure polyacrylic gel sample. In particular, the
corrosion current was reduced to less than half of the
original in the samples mixed with NO,™—LDH. For the
polyacrylic gel containing LDH, the anodic current was
suppressed at all concentrations of the aqueous NaCl
solution, and the corrosion current was approximately
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the same as the result of the polarization measurement. The corrosion-inhibiting effects due to CI™ absorption and NO,™ release were
confirmed. A good rust preventive effect was also observed in the hydrous LDH gel sheet intended to be exposed to the atmosphere where

an arbitrary amount of CI” ions is dissolved.
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1. Introduction

The inhibition of steel corrosion has been studied for a long time,
and various anticorrosion techniques have been developed, such as
surface coating by galvanizing (zinc metal plating)' and the use of
highly corrosion-resistant alloys.>> Generally, paint-rust prevention
has received significant interest, and the development of many
excellent paints and coating technologies has dramatically increased
the longevity of structural materials. However, anticorrosion
coatings need to be reapplied once every several decades. Rust
inhibitors for civil engineering structures are mainly divided into
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two groups: those for new structures and those for old structures.
For old rusty structures, the rust must be scraped off the surfaces,
followed by curing so that the chemical species causing the
corrosion do not adhere until after it is painted. In particular, if C1~
ions derived from seawater adhere to the substrate at this time, the
anticorrosion effect of repainting would be significantly reduced
even if the anticorrosion treatment is applied repeatedly, because the
CI™ ions cause iron oxidation and pitting corrosion even if they are
trapped inside the painted steel; this oxidation reaction is expressed
as follows.**

Fe + H,O + 1/2 O, — Fe(OH), 1)

Here, if the concentration of Cl™ is high, the activity of H,O
increases, and the following reaction predominantly proceeds.
Fe(OH), + 1/2 H,0 + 1/4 O, — Fe(OH);
— FeOOH + H,0 (2)

111


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.5796/electrochemistry.21-65009
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-8960-4833
https://orcid.org/0000-0003-1499-7457
https://orcid.org/0000-0002-4496-2215
https://doi.org/10.5796/electrochemistry.21-65009
https://doi.org/10.5796/electrochemistry.21-65009

Electrochemistry, 89(2), 111-117 (2021)

However, if the C1~ concentration is low or additives such as NO,~
ions exist on the steel surface, stable Fe,O3 protects the interior of
the steel.®

Fe(OH), + 0> — Fe,05 + H,O 3)
2Fe(OH), + 2NO,~ — 2NO + 2Fe,0; + H,0 )

Nitrite ions are well-known as conventional anticorrosive reagents,
and numerous LiNO, aqueous solutions have been utilized.
Conversely, a stabilizer reagent is necessary for the nitrite ion to
prevent the slow decomposition of NO,™ to NO gas.”

Candidate reagents include anion exchangeable materials, such
as layered-double hydroxides (LDHs).® LDHs are layered inorganic
compounds consisting of a metal hydroxide skeleton layer in which
a part of the divalent metal cation is replaced by a trivalent metal
cation and an interlayer containing anions and H,O molecules. The
anion in the interlayer can be easily exchanged with an external
anion, and owing to this excellent anion-exchange ability, the
interlayer anion exchange mechanism has been actively applied in
the uptake of harmful anions. One example is its use as a Cl~
absorbent, which causes pitting corrosion.>”'3 In addition, since
LDH can release corrosion inhibitors by anion exchange in the
interlayer, many studies have been conducted using LDH as a nano
container for corrosion inhibitors. Inorganic inhibitors, such as
tungstates,'* molybdates,'> and phosphates,'® and organic inhib-
itors, such as 2-mercatobenzothiazole (MBT),'® N-benzyl-p-toluene
sulfonamide (BTS),!” and thiazolyl blue tetrazolium bromide
(MTT),'® have been confirmed to exert a high corrosion-inhibition
effect due to two factors: absorption of Cl~ and release of the
inhibitor. Regarding NO,~, which has been used as an inhibitor for
a long time,%!°2* Xu et al. showed that NO, -containing Mg-Al
LDH has a high CI~ absorption capacity and exhibits an excellent
corrosion inhibitory effect.”’ Additionally, Su et al. improved the
corrosion resistance of organic coatings by coating NO, -
containing Mg-Al LDH with an epoxy resin.?® Various kinds of
LDH compounds have been applied in the form of particles on
metal substrates or developed in the form of a thin film by
coprecipitation,?” chemical bath deposition (CBD),2® sol-gel
method,””3? hydrothermal synthesis,’'* liquid-phase deposition
(LPD).3**! However, there are several limitations to their practical
application, such as the immobilization of particulate LDH on the
substrate and the application of LDH thin films to existing
structures.

In this study, we prepared an LDH gel sheet dispersing
particulate Ni-Al LDH in a highly adhesive polymer that exerts a
rust-preventive effect simply by attaching to a substrate. LDHs such
as Mg-Al carbonate (hydrotalcite) are commonly prepared by
coprecipitation, sol-gel, and hydrothermal synthesis methods. These
reactions are generally fast, and the nanoparticles obtained also have
a wide particle size distribution, which makes it difficult to disperse
them uniformly in the hydrogel. By using a metal-fluorocomplex to
prepare a highly dispersed LDH-containing gel in this study, a high
crystallized LDH with controlled particle size can be obtained. The
LPD method takes advantage of the reaction characteristics of the
metal fluorocomplex. Ni species are selected because of their high
oxidation potential from 24 to 3+; moreover, it is difficult to
oxidize iron from 2+ to 3+. Ni—Al LDH using fumed alumina as a
carrier was synthesized by LPD. The synthesized LDH was mixed
with sodium polyacrylate and water and molded into a flat plate to
prepare a gel sheet that could be easily peeled off even after
mounting.

Among the various electrochemical measurement methods for
corrosion monitoring and evaluation of the corrosion preventive
performance of rust inhibitors,*>~4¢ this study analyzed the corrosion
current using the simplest polarization measurement. Polarization
measurements were performed using the gel sheet, and the
corrosion-inhibition effect was examined by determining the
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corrosion potential and corrosion current by the Tafel extrapolation
method from the obtained plots.*>* An LDH thin-film sample
directly deposited on the iron substrate was also prepared by the
LPD method for comparison of the suppression effect. For structures
that have been stripped of old paint and exposed, it is necessary to
avoid the influences of CI~ ions in salt water in that environment
until the paint is reapplied. A gel sheet which can be easily peeled
off is expected to contribute to rust-prevention of structures during
construction.

2. Experimental

2.1 Pretreatment of steel plate

An Fe plate was used as a reference substrate for the direct
deposition of LDH and the adhesion of LDH-containing polyacrylic
gel. First, the as-received steel plate (purity 99.5 %, Nilaco Corp.)
with a thickness of 0.1 mm was ultrasonically cleaned in an acetone
bath (GR grade, Nacalai Tesque Inc.) for 15 min to remove the rust
preventive oil on its surface. Thereafter, it was immersed in an
alkaline degreasing solution containing 2.5 wt% NaOH and 7.5 %
Na,SiO4 at ca. 80°C for Smin and subsequently washed with
running water for 10 min. The wet iron plate was washed again in an
alkaline scat 20—X (DKS Co. Ltd.) by ultrasonic waves for 10 min,
after which it was hydrophilized with running water for 20 min.
After confirming that the contact angle with water was 0°, it was
stored in deoxidized water to prevent rusting and moved to the next
step as soon as possible.

2.2 LDH thin-film synthesis

According to the method described in a previous study, B-nickel
hydroxide, as a precursor for LDH preparation, was prepared by the
following chemical reactions.>*%’
Metal-fluorocomplex equilibrium reaction:

NiF,0=2~ + xAI(NO3); + (2 + Y)H,0
& [Ni;_,Al,(OH),] - (OH); + yF~ + (2 + x)H" + 3xNO; ™~
©)

Fluorine scavenging reaction:
APt 4 6HF — H3AlFg + 3/2H, (6)

Deionized distilled water (hereinafter, distilled water), necessary
for dissolving nickel nitrate hexahydrate, Ni(NOs),-6H,O (GR
grade, Nacalai Tesque Inc.), to yield a saturated aqueous solution,
and concentrated ammonia water were diluted five times with a
28 wt% commercial stock solution (GR grade, Nacalai Tesque Inc.).
The precipitate of B-Ni(OH), was separated by decantation and
washed with distilled water.

The LPD reaction mother solution was prepared by thoroughly
stirring a wet cake of Ni(OH), in a ca. 10molL~! HF solution
obtained by diluting a commercial stock solution (46—48 wt%, GR
grade, Stella Chemifa Corp, or FUJIFILM Wako Pure Chemical
Corp.) approximately 2.5 times. To reduce the activity of F~, the
NH; aqueous solution mentioned above was added, and the pH
value was adjusted to 8.20, which is higher than that in a previous
study due to the different substrate.’” AI>*, which is the source of
the second cation component of LDH and the scavenger of F~ ions
in the LPD equilibrium reaction, was added as an aqueous solution
prepared from AI(NOs);-9H,0. The AI(NOs); aqueous solution was
added so that the concentrations of the dissolved ions after mixing
were [Ni2*] = 12mmolL~!, [F7]=200mmolL~!, and [AP*]=
2.0mmol L~

For the direct deposition of the LDH thin film on the steel plate
by the LPD process, the Fe substrate was dipped in the reaction
solution at 50 °C for 24 h. For the preparation of the LDH powder,
75mg of fumed alumina powder, Aeroxide Alu 130, supplied by
Nippon Aerosil, was added to 500 mL of the same reaction solution
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at 50 °C for 24 h. The obtained composite of Ni-Al LDH coated on
the surface of fumed alumina was denoted as FA-LDH.

As shown in Eq. (5), the liquid phase deposition reaction is the
one in which hydroxide is deposited by hydrolysis equilibrium of a
metal-fluorocomplex. Since the reaction rate is very slow and the
supersaturated state is relatively stable, fine particles are not easily
generated in a spontaneous uniform nucleation reaction. Here, the
addition of fumed alumina nanoparticles significantly accelerates
the heterogeneous nucleation reaction of LDH without causing a
decrease in purity of LDH due to dissolution. Since fumed alumina
has a primary particle size of 10 nm and has a good dispersion state
due to surface charging, it is effective as a heterogeneous nucleus for
LDH synthesis.

After the LPD reaction, the as-deposited LDH sample of the thin
film on the steel plate and the powder on fumed alumina were
obtained by drying the substrate and the precipitate generated at
60°C.

The shape, morphology, and elemental composition of the Ni—Al
LDH coated samples were determined using a JEOL Ltd instrument:
a JSM-6335F field emission scanning electron microscope (FE-
SEM) with an energy dispersive X-ray (EDX) spectrometer (JEOL
Ltd), JED-2200. A fully automatic multipurpose horizontal X-ray
diffractometer (Rigaku Smart Lab) equipped with an 18kW Cu
rotating anticathode and Ge 220 channel-cut crystals was used for
the structural analysis of the sample.

2.3 Anion-exchange capacity of LDH

To measure the ion-exchange capacity of the Ni-Al LDH sample,
the OH™ ions eluted by ion exchange with NO,~, with the aqueous
NaNO; solution, were quantified by a neutralization titration method
using (COOH), as the standard reagent (GR grade, Nalalai Tesque
Inc.). The amount of NO, ™ inserted into the LDH was quantified by
measuring the amount of change in the OH™ concentration in the
solution before and after the anion exchange.

2.4 Preparation of polyacrylic gel

The polyacrylic gel with and without the FA-LDH powder was
prepared as follows. Several additives: 6.0 g of glycerin (C3HgOs3,
GR special grade, Nacalai Tesque Inc.), 0.06g of aluminum
hydroxide (AI(OH);: CP grade, Nacalai Tesque Inc.), and 0.06g
of tartaric acid ((CH(OH)COOH),: GR Grade, Nacalai Tesque Inc.)
were added to 1.2 g of sodium polyacrylate, (C;H3;NaO,),, supplied
by Toagosei Co., Ltd. The mixed reagents were dissolved in 12.68 g
of distilled water and mixed for 30min to obtain 20g of the
polyacrylic gel. For preparing a sample containing FA-LDH, 0.2—
0.6 g of FA-LDH powder was mixed before kneading the gel raw
materials. The standard mass of FA-LDH is 0.4.

2.5 Polarization measurement for determining the corrosion
potentials and current

To measure the corrosion-inhibition effect of the obtained
sample, a three-clectrode type measuring cell was prepared, and
electrochemical measurements were performed. Polarization meas-
urements were performed using steel substrates with and without the
Ni—Al LDH thin films as the working electrodes. The substrate was
covered with masking tape to create an exposed area of 1cm? An
Ag/AgCl reference electrode was employed with a saturated KCl
agar solution as the salt bridge. A Pt plate with dimensions of
25mm x 25 mm was used as the counter electrode. When using an
Fe substrate coated with LDH as the working electrode, a 3.5 wt%
(0.6mol L™") aqueous NaCl solution with a concentration corre-
sponding to that in seawater was used as the electrolyte. Contrarily,
when using a polyacrylic gel swollen with the 3.5wt% aqueous
NaCl electrolyte solution as the anticorrosion sheet, an ordinary Fe
plate was used as the working electrode. The polyacrylic gel was
molded into a cube of 1cm? to keep the contact area and thickness
with the working electrode constant, and the sample was immersed
in a 3.5wt% NaCl solution before the measurement because the
measurement was performed in an environment with sufficient C1~.
A schematic of the measurement for the system using the LDH-
coated steel plate and polyacrylic gel is shown in Fig. S1.

Five minutes after immersing the steel plate in aqueous NaCl
solution or attaching polyacrylic gel, the I~V curves for the
polarization phenomena were measured using an IVIUM Compact
Stat Plus. The scanning range was —1.0 V to 1.0V, and the scan rate
was 10mV s~!. The corrosion potential (E) and corrosion current
density (I.o) were determined from the slope of the linear
polarization curve in the low-polarization region on a logarithmic
scale. Since the corrosion rate is proportional to the corrosion
current density, it is generally considered that suppressing the
corrosion current density leads to corrosion protection for metal
surfaces.5*?

3. Results and Discussion

3.1 Surface morphology of Ni-Al LDH

Figure 1 shows the SEM image of the prepared Ni-Al LDH
deposited on a steel plate and fumed alumina by the LPD process.
The sub-micrometer-ordered dense structure with a network shape
even on metal surfaces and oxide powders is similar in appearance
to those in our previous studies, where the LDH sample was
deposited on a glass substrate,’* carbon surface,>*%3-40 or nickel
metal.*' Since fumed alumina acts as a crystal nucleus for the
precipitation of LDH, it was confirmed by gravimetric analysis that
the content of fumed alumina after preparation was 15 wt% or less of
the mass of FA-LDH. The composition of the obtained Ni-Al LDH

Figure 1.

SEM image of the prepared Ni-Al LDH deposited on (a) a steel plate and (b) fumed alumina by the LPD process.
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is typlcally [NI(H)O69AI(HI)031(OH)2]OHQ3] in OH_-type LDH,
which is in agreement with the results of previous studies.
The amounts of ion-exchanged NO, ions are z = 0.0083, 0.0171,
and 0.0242 in [Ni(II)g 6oAl(IIT)g3;(OH),]J(NO,),(OH)g31_,, for the
NaNO, solution concentrations of 1, 2, and SmolL~!, respectively.
The amount of ion-exchanged NO; is small, and nitrous acid should
be used to increase the ion-exchange rate. However, nitrous acid is
very unstable and easily undergoes self-decomposition, as shown in
Eq. (7).

3HNO, — HNO; + 2NO + H,0 7

Consequently, the NaNO, solution was chosen for this procedure.
Before and after the ion-exchange reaction, the distance of the 003
plane of LDH, dyg3, changed slightly with the ionic size of the
exchanged anions, as shown in Fig. S2. The slight change in dyo3
from 773 pm to 776 pm highlighted the results of a small amount of
ion exchange, even though the anionic radii are different between
OH™ (rop~ = 137pm) and NO,™ (rno,” = 187nm), caused by a
small amount of exchanged nitrite ions.

3.2 Corrosion-inhibition effect of NO, -exchanged Ni—-Al LDH
on the steel plate

The corrosion-inhibition effect of the coated Ni—Al LDH thin
film was examined using the Tafel plot obtained by polarization
measurements for a bare steel plate. The Tafel plots for the system
using Ni—Al LDH coated steel plates are shown in Fig. 2, and the
calculated values of the corrosion and pitting potentials, as well as
the corrosion current, are shown in Table 1. The corrosion current
when OH™-exchanged LDH was used is 1.7pA, which is
approximately 1/8th the current (13 pA) obtained when a bare steel
substrate is used. It is considered that this is because LDH physically
prevents the attack of Cl~ ions and the decrease in the Cl™
concentration near the surface of the substrate due to ion exchange.®
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Figure 2. Tafel plots of the steel plate polarized in 3.5 wt%
aqueous NaCl solution. Working electrode: (a) NO, -exchanged
Ni—Al LDH coated steel plate, (b) OH -exchanged Ni-Al LDH
coated steel plate, and (c) degreased steel plate. To avoid corrosion
of the metal surface, the potential was swept to the cathodic side
until immediately before hydrogen gas was generated first. After
that, it was reverted and swept toward the anodic side until a
decrease in current due to the corrosion and pitting potentials or
passivation occurred. The following polarizing curves were obtained
via the same procedure.

In addition, when a steel sheet coated with NO, -exchanged
LDH was used, although the corrosion current value increased
slightly, it was found that the anode current was suppressed in the
high potential region up to about —0.2V vs. Ag/AgCl. This
indicates that stable passivation occurred due to the NO, -
exchanged LDH. This result is due to the re-passivation of Fe?*
by the released NO,~ from LDH, in addition to the absorption of
CI~ by anion exchange into LDH.? Since the value of I, shown in
Table 1, was similar to that of the OH -exchanged LDH, it was
confirmed that the corrosion rate also decreased. When the OH™ ion
is replaced with the NO,™ ion, the pitting potential is remarkably
increased while the corrosion current is slightly increased. It is
suggested that the passivation layer itself of the steel sheet is slightly
damaged. It was confirmed that NO, -exchanged LDH exerts a
significant corrosion-inhibiting effect by the direct coating of Ni—Al
LDH, which is comparable with the results of previous studies.?>2

3.3 Corrosion-inhibition effect of NO,™-exchanged FA-LDH
Although it is effective to coat LDH directly on new structural
materials, it is necessary to confirm the effect of the gel sheet applied
after removing rust, since it is difficult to deposit LDH directly on
used steel. To estimate the corrosion-inhibition effect of LDH coated
on fumed alumina (FA) dispersed in polyacrylic gel, polarization
curves obtained using a polyacrylic gel containing FA-LDH as the
electrolyte are shown in Fig. 3. The corrosion and pitting potentials,
as well as the corrosion current, in the presence of FA-LDH are
shown in Table 2. The Tafel plots indicate that the anode current is
suppressed and a clear passivation region exists in the system
incorporating the gel-containing LDH, in contrast to the case of the
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Figure 3. Tafel plots of the steel-plate-covered polyacrylic gel
containing FA-LDH powder. Attached gel component: (a) NO,™ -
exchanged FA-LDH, (b) OH -exchanged FA-LDH, and (c) no
LDH. The polyacrylic gel was fully swollen by the 3.5 wt% aqueous
NaCl solution under the initial condition before polarization.

Table 2. Corrosion and pitting potentials and the corrosion current
for the sample indicated in Fig. 3.

Working Electrode Econ/mV  Eyi/mV Lon/BA

(a) Fe/NO, -exchanged FA-LDH —504 41 13.0
(b) Fe/OH-exchanged FA-LDH —588 —127 18.7
(c) Fe/polyacrylic gel with NaCl aq. —584 117 25.8

Table 1. Corrosion and pitting potentials and the corrosion current for the sample indicated in Fig. 2.
Working Electrode Eorn/mV Epii/mV Epi—Ecorr/mV Leor/ LA
(a) Fe/NO, -Exchanged LDH —734 —190 531 2.80
(b) Fe/OH™-Exchanged LDH —608 —503 108 1.70
(c) Degreased Fe —568 —550 18 13.0
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polyacrylic gel containing only the aqueous NaCl solution. This
tendency is the same as that for the system incorporating the LDH-
coated steel plate, as shown in Fig. 2. In particular, NO,™-
exchanged FA-LDH has a more suppressed anode current, and
the I, value is 13.0 pAcm™!, which is approximately half that
without LDH (25.8 pA cm™!), as shown in Table 2. Due to the lack
of physical protection from the attack of CI~, the suppression
efficiency of FA-LDH is lower than that of LDH deposited on the
steel plate directly, although its /., suppression efficiency is high.
Ni—Al LDH shows a high corrosion-inhibition effect because it has
two functions: anion exchange and repassivation by NO,™ release,
even in a polyacrylic gel.

Regarding the variations in the current density during surface
corrosion by constant potential electrolysis at —0.3V vs. Ag/AgCl
and the corrosion state of the steel plate during electrolysis, the
results of the gel impregnated with salt and the gel impregnated with
LDH were obtained, as shown in Fig. S3a. Additionally, the SEM
images of the surface of the steel substrate at that time are shown in
Fig. S3b. For the gel sample impregnated with the NaCl solution, a
gradual decrease in the current due to the polarization of the ionic
species was observed. Significant pitting corrosion was observed on
the sample surface. Contrarily, in the gel sample containing LDH,
a low current, which is considered to be caused by NO,~, was
observed at the initial stage, and this low current was maintained
without any increase. Almost no evidence of corrosion was observed
on the surface of the sample. Here, it was shown that the NO,™-
exchanged Ni—Al LDH has a very effective rust-preventive effect.

3.4 Dependence of anticorrosive effect on the amount of NO,-
exchanged FA-LDH in polyacrylic gel
The results of polarization measurements with varying amounts
of the NO, -exchanged FA-LDH added during the preparation of
the polyacrylic gel are shown in Fig. 4, and their corrosion and
pitting potentials, as well as the corrosion current, are shown in
Table 3. The anodic current was suppressed as the LDH content
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Figure 4. Variation of the Tafel plots with the LDH content for
the steel-plate-covered polyacrylic gel containing FA—-LDH powder.
Concentrations of the added LDH: (a) 1, (b) 2, and (¢) 3 wt%. The
polyacrylic gel was fully swollen by the 3.5wt% aqueous NaCl
solution under the initial condition before polarization.

Table 3. Corrosion and pitting potentials and the corrosion current
for the sample indicated in Fig. 4.

Amount of

Added LDH/wt% Ecorr/mV Eyii/mV Teor/ WA
(a) 1 —586 —41 16.2
(b) 2 —504 41 13.0
(c) 3 —491 —64 11.5
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Figure 5. Variation of the Tafel plots with LDH densities for the
steel-plate-covered polyacrylic gel containing FA-LDH powder.
Thicknesses of the gel sample: (a) 5, (b) 10, and (¢) 20 mm.
Concentrations of the added LDH: (a) 4, (b) 2, and (c) 1 wt%. The
polyacrylic gel was fully swollen by the 3.5wt% aqueous NaCl
solution under the initial condition before polarization.

increased, and the lowest /., was observed in the gel containing
3wt% LDH; however, the corrosion current did not decrease
significantly. This result was expected because of the increase in the
CI~ absorption amount and NO,~ release amount as the anion
exchange amount in the gel increased.

Although the improvement of the corrosion-inhibition effect by
increasing the amount of released NO,™ has been clarified, not all
of the NO,~ ions might react with Fe’* even if the amount of LDH
in the gel is increased. That is, the rust-preventive effect cannot
be exhibited unless the NO,™ ions can reach the vicinity of the
substrate. Therefore, polarization measurements were performed by
changing the thickness of the gel used for the measurement to
investigate the influence of the diffusion rate of ions in the gel on the
corrosion inhibition with the same total concentration of LDH. As
shown in Fig. 5, the thickness of the gel sheet and the LDH content
were adjusted so that the total concentration of LDH was constant,
and only the effect of the diffusion rate of ions was the focus. The
results revealed that the anodic current decreased with the thickness.
In addition, the smallest /., value of 9.7 pA cm™2 was obtained for
a 0.5cm gel sheet, and the gel with a low thickness had a high
inhibitory effect. These results suggest that when the same total
amount of LDH is dispersed, its density affects the amount of NO,~
ions that reach the surface of the steel plate. Due to the low diffusion
rate of the NO, ™ ions released by anion exchange, they take a long
time to reach the iron surface inside the thick gel. For the relatively
thin gel sheet, NO, ™ is released near the surface; thus, it is consumed
at a high rate since it reacts rapidly with Fe’*. However, as the
thickness increases, the amount of NO,~ reacting with Fe?* ions
decreases, and the anticorrosion effect also decreases. Consequently,
the corrosion-inhibition effect depends on both the LDH concen-
tration and its density in the gel sheet.

3.5 Stability of NO,™ ions in the polyacrylic gel containing FA—
LDH

NO,~ ions are unstable because they may decompose while
producing NO gas due to equilibrium with H* ions under
atmospheric exposure.” It is expected that LDH might stabilize the
exchanged NO, ™ ions via the interaction between the LDH skeleton
and NO, ™ ions when an electrolyte solution containing NO, ™ ions is
used as a rust-preventive coating. Therefore, a comparison was
made with the system of the gel impregnated with only the NaNO,
solution. The gel sample containing NO,~ was obtained by
immersing the polyacrylic gel into a 2mmol L~! NaNO, aqueous
solution to compare the inhibitory effect of NO, -exchanged FA—
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Figure 6. Changes in the Tafel plots due to the differences in the
NO, -ion status for the steel-plate-covered polyacrylic gel. State
of the NO,™ ion: (a) inserted in FA—-LDH, (b) immersed in poly-
acrylic gel without FA-LDH, and (c) no LDH. The polyacrylic gel
was fully swollen by the 3.5 wt% aqueous NaCl solution under the
initial condition before polarization. Sample (b) was dipped into a
1 molL~! ag. NaNO;, solution after swelling in an NaCl solution.
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Figure 7. Durability of the NO,~ exchanged FA-LDH shown on
the Tafel plots for the steel-plate-covered polyacrylic gel containing
FA-LDH powder. Measured after (a) 3 days, (b) 14 days, (c) 1
month, after preparation, and (d) immediately for the OH™-
exchanged FA-LDH and swollen by the 3.5 wt% aq. NaCl solution.

LDH with that in the case of using nitrous acid alone. The
immersion time was adjusted so that the concentration of NO,™ in
the gel was similar to the maximum concentration of NO,~ released
from the LDH. As shown in Fig. 6, the system containing NO,~
ions alone exhibits partial current suppression; however, the effect of
NO,™ is noticeably less significant than that of the NO, -exchanged
FA-LDH. From this control experiment, the combination of LDH
and NO,™ ions was confirmed to exert a high corrosion-inhibiting
effect with high stability.

As described above, if NO,~ ions disappear immediately, the
corrosion-inhibition effect becomes unstable, which impedes the
rust-preventive function of the coating. The long-term stability of
NO, -exchanged FA-LDH was verified by measuring the polar-
ization of the gel using an LDH sample left for a certain period after
the anion-exchange reaction. If the nitrous acid is depleted, and the
passivation promotion effect is not exerted, a plot similar to that for
the OH -exchanged FA-LDH, whose inhibitory effect occurred via
Cl~ absorption, would be obtained. The obtained data in Fig. 7
show that only a slight difference was observed between the 1-
month sample and the 3-day sample after the anion exchange, and
the anticorrosive effect was still considerable. The persistent effect
is suggested to be because NO,~, which is unstable in solution, is
incorporated into LDH and stabilized by electrostatic interactions.
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Figure 8. Concentration dependence of the Tafel plots for the
steel-plate-covered polyacrylic gel in the aq. NaCl solution (a—d)
without and (e-h) with NO,~-exchanged FA-LDH. Concentrations
of NaCl: (a, ) 6molL™!, (b, f) 1molL™!, (c, g) 0.6molL"!
(3.5wWt%), and (d, h) 0.1molL~!. The polyacrylic gel was fully
swollen by each concentration of the aq. NaCl solution under the
initial condition before polarization.

3.6 Influence of CI” ion and pH on the rust-prevention
efficiency of FA-LDH

In the natural environment, the concentration of CI~ is not
constant, and we can easily predict that it will frequently change
due to the changes in the weather. Considering that an increase
in the CI™ concentration affects the suppression effect due to the
conductivity increase caused by the activities of Cl~ and counter
cations, the results of the measurement involving swelling the gel
with various concentrations of aqueous NaCl solution are shown in
Fig. 8. When the LDH-free gels were compared, the largest flowing
anode current was obtained at approximately 0.6molL~!, corre-
sponding to the concentration of seawater (3.5 wt% NaCl solution).
This may be related to the concentration of dissolved oxygen in the
gel sample. In the high-concentration region, the progress of
corrosion should be delayed as the equilibrium solubility of oxygen
decreases. In addition, when a saturated NaCl aqueous solution
(approximately 6 mol L") was used, the anode current increased
rapidly around 0V vs. Ag/AgCl, which is considered to be caused
by the oxidation of CI~ ions. Conversely, for the gel containing
NO,-exchanged Ni—Al LDH, the anode current was suppressed at
any concentration, and the influence of the Cl~ concentration was
not significant. We considered these results to be related to the rate
of anion exchange, which is sensitive to the concentration of
external ions; the higher the concentration, the higher the rate.
Therefore, the absorption of more C1~ ions was considered to be due
to the higher exchange rate than that in the CI™ rich system.

To confirm the stability of LDH under various pH conditions, the
polyacrylic gel was swollen with NaCl aqueous solutions of various
pH values adjusted using dilute HCl and NaOH. As LDH was
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Figure 9. pH dependence of the Tafel plots for the steel-plate-
covered polyacrylic gel containing FA-LDH powder in aq. NaCl
solution. The pH of each solution was adjusted between 2 and 12.
The polyacrylic gel was fully swollen by each concentration of the
aq. NaCl solution under the initial condition before polarization.

synthesized in a basic medium, it should be unstable in an acidic
solution, and its corrosion-inhibition effect should be reduced.
However, Fig. 9 shows that it suppresses the current even when
immersed in an acidic solution. These data suggest that LDH is
stable and exerts an inhibitory effect even in an acidic environment.
At pH 12, the passivation region was much larger than those at the
other pH values, and the passivation was stable.

4. Conclusion

NO, -ion-exchanged Ni—Al layered double hydroxide (LDH)
was deposited on a steel plate and fumed alumina powder to prepare
anticorrosive materials for the rust prevention of steel surfaces. The
amount of NO,~ exchanged in the Ni-Al LDH was in the range
of y = 0.0083-0.0242 [Ni(II)9 coAl(IIT)o 3;0H),](NO,),(OH)g 31—, in
the OH -type LDH, corresponding to a ratio of 2.7-7.8 % of the
total exchangeable anions. The results of the corrosion measure-
ments with a sodium polyacrylic gel sheet containing Ni-Al LDH
highlighted the highly effective corrosion inhibition effect of the gel
sheet with NO,~ LDH. The analysis of the influence of the gel
thickness revealed that the diffusion rate of ions affects the
corrosion-inhibition effect. Normally, unstable NO,™ ions exert a
stable rust-preventive effect for more than one month in the presence
of LDH. Compared to that of the gel soaked directly in ag. NaNO,,
the gel containing LDH exerted a higher inhibitory effect. This rust
prevention by NO, -exchanged Ni—Al LDH was effective regard-
less of whether it was deposited directly on the steel sheet or
dispersed into a polyacrylic gel. A good rust preventive effect was
also observed in the hydrous LDH gel sheet in which arbitrary
chloride ions were dissolved under atmospheric exposure. This
indicates that it is an effective rust-preventive material for both new
steel sheets and for curing the surfaces of existing iron materials that
have been subjected to rust-removal processes.
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