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Abstract

Layered double hydroxide (LDH) has been widely used in the field of corrosion pro-
tection. LDH nanofillers can act as multifunctional additives in coatings based on the
physical barrier effect and anion exchange effect. However, the preparation of the typical
co-precipitation method needs to be simplified to realize large-scale industrialization. In
this work, a wide range of synthesis parameters, including solution-mixing mode, reaction
atmosphere, reaction pH control, titration rate and post-treatment on the obtained LDH,
were systematically studied, and it was found that the one-step solution-mixing synthesis
procedure and the adoption of N, atmosphere were able to alleviate the carbonate contami-
nation to some degree. However, the one-step solution-mixing synthesis procedure has a
negative influence on the formation of LDH, probably due to insufficient reaction, while the
hydrothermal post-treatment is able to promote the continual growth of the LDH platelet
and, thus, lead to an increase in crystallinity and particle size. Green inhibitor aspartates
were used to modify LDH, and the electrochemical test results indicated that the adoption
of N, atmosphere was able to clearly increase the corrosion protection ability of LDH, with
an Rp, value of 3.86 kQ)-cm? after immersion for 96 h in 0.1 mol/L NaCl, probably due to
the intercalation of a relatively large amount of inhibitor anions since less carbonates were
intercalated, followed by the LDH synthesized via co-precipitation without N, protection,
pH control and hydrothermal post-treatment with an Ry, value of 3.00 kQ-cm?. The LDH
sample without inhibitor intercalation presented a corresponding Ry, value of 2.45 kQ-cm?.
Notably, the one-step solution-mixing method and a fast titration rate in co-precipitation
would have a negative influence on the corrosion protection of LDH, probably due to
insufficient reaction. This work could shed light on the simplification of LDH preparation,
and it is able to provide a solid foundation and technical support for the wide promotion
and application of LDH in anti-corrosion and other fields in the near future.

Keywords: layered double hydroxide; co-precipitation; synthesis parameter; corrosion
protection; industrialization

1. Introduction

Coatings have been widely used for corrosion protection of metals over recent decades.
The permeation of an aggressive medium through the coating is able to cause the initiation
of corrosion at the interface of metal and coatings. Therefore, the efforts concerning the
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prevention of the transportation of a corrosive medium in coatings have been devoted
by researchers in recent years to increasing the service life of the coatings [1,2]. The
development and application of nanofillers in the form of two-dimensional platelets could
significantly contribute to the physical barrier effect of the coatings, which would prevent
the permeation of aggressive medium in the coatings by increasing tortuosity. This was
also called the labyrinth effect in the coatings. On the other hand, many nanofillers can be
regarded as inhibitor containers, and inhibitors can be released on demand simultaneously,
such as metal-organic framework (MOF) [3], graphene oxide (GO) [4], MXene [5,6], SiO,
microsphere [7] and layered double hydroxide (LDH) [8]. In this case, the system was able
to present self-healing properties.

LDH can be used as nanofillers in anti-corrosion coatings through both of the above-
mentioned mechanisms, including the physical barrier effect and the self-healing effect.
LDH presented hexagonal-shaped platelets, and it was composed of hydroxide layers
and intercalated anions in the interlayer space. As some divalent metal cations were
replaced by some trivalent metal cations, the hydroxide layers were positively charged.
Thus, negatively charged anions were needed in the gallery to balance the extra positive
charges [9-11]. It is worth noting that the intercalated anions were able to have an anion
exchange reaction with the anions in the environment such as the aggressive chlorides. As
a result, the concentration of chlorides was reduced, and the corrosion inhibitors could
be released into the environment simultaneously [12,13]. Therefore, LDH can be used as
a unique functional filler in coatings based on the above physical barrier effect, chloride-
trapping effect and inhibitor-releasing effect. It has been widely investigated and applied
in anti-corrosion coatings by researchers worldwide.

Various LDHs with two different metal cations, such as ZnAl-LDH, MgAl-LDH
and CaAl-LDH, etc., were synthesized and reported. It was reported by Cao et al. that
CaAl-LDH presented better corrosion protection ability in comparison with the other
two LDHs due to the better compatibility with the coating matrix when no corrosion
inhibitors were intercalated [14]. Mohammad Tabish et al. used 2-mercaptobenzothiazole
(MBT) to modify CaAl-LDH, and it was found that the usage of 2% in the epoxy coating
was able to present a significant enhancement in corrosion protection, mainly due to the
release of MBT and formation of a chelate network caused by the reaction between MBT
and Fe?* [15]. Furthermore, Wang et al. prepared CaAl-LDH intercalated with three
kinds of aromatic inhibitors and evaluated their corrosion protection in epoxy coatings.
The results indicated that MBT-intercalated CaAl-LDH demonstrated superior corrosion
protection in comparison with the other two LDHs intercalated with sodium benzoate (BZ)
and benzotriazole (BTA) due to the physical adsorption, chemical adsorption and anti-
bonding effect [16]. Andrea Cristoforetti et al. prepared sebacate intercalated CaAl layered
double-hydroxide pigments, and they investigated the anion exchange between nitrates
and chlorides using total nitrogen analysis. The improvement in corrosion protection was
due to the release of sebacate, which was accompanied by partial dissolution caused by
alkalinization [17]. Li et al. synthesized CaAl LDH intercalated with L-cysteine and its
derivatives, and it was found that LDH modified by the S-benzyl-L-cysteine exhibited more
excellent corrosion resistance performance due to its larger molecular volume and also an
increase in the thickness of LDH [18].

The typical preparation methods of LDH include the co-precipitation method, anion
exchange method and calcination reconstruction method [19]. It should be noted that
the co-precipitation method is the most frequently used method for preparation due
to relatively high crystallinity. This process involves titration of the salt solution with
corresponding metal cations to alkaline solution. However, it should be noted that nitrogen
gas is usually used as the protection inert gas to avoid the contamination of CO, since
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carbonates have strong affinity with LDH interlayers [20,21]. In addition, after the co-
precipitation process, the LDH slurry is usually transferred to the hydrothermal reactor for
hydrothermal reaction to obtain LDH with high crystallinity and quality [14]. In addition,
in a typical co-precipitation procedure, the pH of the reaction solution is usually measured
and controlled to a constant value [22]. The above-mentioned preparation conditions
indicated the complexity of the co-precipitation method, and the simplification of the
process was needed to realize its wide industrialization. Until now, the impact of inert
gas protection, the control of pH, the titration speed and also the hydrothermal post-
treatment on the morphology, structure and corrosion protection ability of LDH have never
been investigated, which will provide significant guidance on the simplification of the
co-precipitation method to promote its large-scale industrial production. In addition, a
green corrosion inhibitor of aspartate was used to modify CaAl-LDH in this work to further
promote its corrosion protection effect concerning the higher environmental protection
requirements nowadays.

Thus, in this work, a wide range of synthesis parameters, as mentioned above, in
the co-precipitation method were varied, and the obtained CaAl-LDH was characterized
comprehensively in terms of morphology and structure. In addition, inhibitors of aspartate
were intercalated into LDH though the anion exchange method to study the changes in its
corrosion protection ability. This work mainly focused on the investigation of the influence
of parameter variations on the morphology, structure and corrosion protection property
of LDH, hence simplifying the preparation procedure of LDH to promote the large-scale
industrial production and widen its application in anti-corrosion coatings, which is totally
different from the above-mentioned work published previously. The relationship between
the property characteristics, including morphology, structure, corrosion protection and the
corresponding synthesis parameters, was presented, and the in-depth underlying mecha-
nism was elucidated from the micro level. This work can shed light on the optimization of
LDH preparation in the promotion of industrialization and provide inspiring insight for
related engineers in the field of corrosion protection.

2. Materials and Methods
2.1. Materials

Aluminum nitrate (AI(NO3)3-9H,0), calcium nitrate (Ca(NOs3);-4H,0O), sodium hy-
droxide (NaOH), sodium nitrate (NaNOj3) and sodium tartrate (TA) were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Beijing, China). Aspartic acid (Asp) was sup-
plied by Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). The deionized water
was used for solution preparation. Q235 carbon steel was provided by Xiamen Qianfeng
Mechanical Co., Ltd., (Xiamen, China).

2.2. Preparation of LDH Samples
2.2.1. Synthesis of LDH

Solution A was prepared as a mixed solution containing 0.5 mol/L Ca(NO3),-4H,O
and 0.25 mol/L Al(NOj3)3-9H,0. Solution B was prepared as a mixed solution containing
2 mol/L NaNOj and 3 mol/L NaOH. At room temperature (25 & 5) °C, 200 mL of solution
A was added dropwise to 100 mL of solution B at a titration rate of one drop per second, and
the mixed solution was vigorously stirred during the titration process at a stirring speed of
600 rpm. After all of solution A had been titrated into solution B, continuous stirring was
maintained for an additional 20 min. The resulting slurry was then sealed in the beaker
and subjected to hydrothermal reaction in an oven at 65 °C for 24 h. Afterward, the mixture
was centrifuged at 8000 rpm for 5 min, followed by three washes with deionized water.
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The obtained solid was dried in an oven at 65 °C for 48 h. The final product was designated
as LDH-1. A schematic illustration of LDH-1 synthesis process is shown in Figure 1.

0.5 mol/L Ca(NOs),4H,0
0.25 mol/L AI(NO5);-9H,0

N
\
|
|
|
3

Co-precipitation

Hydrothermal treatment & i
Centrifuge and dry 3

Figure 1. The schematic diagram of the preparation process.

2 mol/L NaNO; —
3 mol/L NaOH

2.2.2. Synthesis of LDHs with Different Preparation Processes

Solution-mixing method: In the LDH preparation process of the above experiment,
solution A was added dropwise into solution B. According to literature research, some
researchers directly mixed the two solutions. Therefore, 200 mL of solution A was mixed
with 100 mL of solution B directly, and then it was subjected to ultrasonication for 20 min
followed by vigorous stirring for 20 min (stirring speed of 600 rpm). The other preparation
procedures were the same as those in the preparation of LDH-1. The product of this
experiment was denoted as LDH-2.

Reaction atmosphere: In the preparation process of LDH-1, as described above, titra-
tion was carried out under air. However, CO; in the air can dissolve in water to form
CO32~, and CO32~ has strong affinity with LDH layer, making it difficult for many corro-
sion inhibitor anions to replace the interlayer CO32~ and resulting in a reduced loading
amount. Therefore, in this experiment, N, was used as protection gas during titration, and
the product was denoted as LDH-3.

Reaction process pH: In the above experiment, no operation was carried out to main-
tain a constant pH during this process. Some research results involved real-time pH
monitoring and constant control during mixing of the two solutions. Therefore, 3 mol/L
NaOH solution was used to adjust the pH of the mixed solution to 12.0 £ 0.5 during the
titration process in this experiment. The other preparation procedures were the same as
those in the preparation of LDH-1. The product was labelled as LDH-4.

Titration rate: The titration rate in the LDH preparation process of the above exper-
iment was one drop per second. Thus, 200 mL of solution A was titrated into 100 mL of
solution B at a rate of two drops per second in this experiment, and the other preparation
procedures were the same as those in the preparation of LDH-1. The product was denoted
as LDH-5.

Post-hydrothermal treatment: In the above experiment, the LDH aging treatment was
carried out at 65 °C under normal pressure in a beaker. In this experiment, the mixed slurry
was transferred into a stainless hydrothermal reactor at 65 °C under high pressure, and the
obtained product was denoted as LDH-6.

2.2.3. Synthesis of LDH with Corrosion Inhibitor

Here, 100 mL of 0.1 mol/L aspartic acid solution was prepared, and 0.8 g of solid
NaOH was added for deprotonation treatment; then, the pH was adjusted to 11.0 & 0.5 by
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adding an appropriate amount of 3 mol/L NaOH solution. Then, 1 g of LDH-1 was added
to aspartate solution, and the solution was stirred at room temperature for 24 h at a speed
of 500 rpm. Then, the target product could be obtained via centrifugation at 8000 rpm for
5 min. Finally, the product was washed three times with deionized water and dried at
65 °C for 48 h. The product was named as LDH-A1.

2.3. Characterization

The surface morphology of the samples was examined using a scanning electron
microscope (SEM, ZEISS ULTRADbS5, Carl Zeiss AG Co., Ltd., Dresden, Germany). Ele-
mental analysis and elemental mapping were performed with an energy-dispersive X-ray
spectroscopy system (EDS, Carl Zeiss AG Co., Ltd., Dresden, Germany) at an accelerat-
ing voltage of 20 kV. The chemical composition of the composite filler was analyzed by
Fourier-transform infrared spectroscopy (FTIR, Nicolet i520, Thermo Fisher Scientific Co.,
Ltd., Waltham, MA, USA) within a wavenumber range of 400—4000 cm L. The crystalline
structure of samples was characterized by X-ray diffraction (XRD, X'Pert PRO, Malvern
PANalytical Co., Ltd., Almelo, The Netherlands) with a scanning range of 5-80° and a scan
rate of 10°/min. The carbon steel after immersion in NaCl solution was observed using an
optical microscope (LeicaDVMB6, Leica Microsystems, Wetzlar, Germany).

2.4. Anti-Corrosion Performance Test

The electrochemical impedance spectroscopy (EIS) measurements for bare steel im-
mersion were conducted using an Autolab electrochemical workstation (Metrohm China
Limited, Beijing, China) with a three-electrode system configuration, where carbon steel
with an exposed area of 1 cm? served as working electrode, an Ag/AgCl electrode worked
as reference electrode and a platinum sheet electrode worked as counter electrode. Before
electrochemical test, carbon steel samples were sandblasted using sandpaper with grades
400, 800,1200 and 1500, respectively. After that, the samples were washed ultrasonically
in ethanol for 10 min and dried in ambient atmosphere naturally. The frequency range
was set from 10° to 10~2 Hz with a sinusoidal perturbation amplitude of 10 mV. There
are 5 frequency points per decade. Thus, 100 mL 0.1 mol/L sodium chloride solution was
employed as corrosive medium with LDH content of 5 g/L. Three parallel samples were
used for EIS tests to ensure reproducibility. The software Zview 3.0a was used for EIS
data fitting.

3. Results and Discussion
3.1. Characterization of LDH

Figure 2a presents the XRD patterns of LDH samples prepared via different synthesis
processes. As shown in the figure, characteristic diffraction peaks of CaAl-LDH appeared
in LDH samples prepared via different fabrication processes. Three main diffraction peaks
were observed at 10.34°, 20.64° and 31.19°, which corresponded to the (003), (006) and (012)
crystal planes of LDH (JCPDS#89-6723), respectively [14,15,23]. The position of the (003)
plane peak suggested that nitrates mainly accounted for the intercalated anions. As for
the sample of LDH-2 synthesized via the one-pot solution-mixing method, the intensity
of the peak corresponding to the (003) plane decreased remarkably. This phenomenon
was probably due to insufficient reaction during the quick mixing procedure. In addition,
when the hydrothermal reactor was used for the aging treatment, the diffraction intensity
of the characteristic diffraction peaks of LDH-6 increased significantly. According to the
Scherrer equation (Eql), the crystallite size of LDH-6 would be increased upon the increase
in crystallinity, indicating that high pressure during aging treatment led to an increase in
the crystallite size of LDH. The above results demonstrated that the variation in preparation
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parameters was able to cause some changes in the crystallinity of LDH. It can be seen that
post-hydrothermal treatment could increase the crystallinity of LDH greatly, while the
one-step solution-mixing method had a negative influence on the crystalline structure

of LDH.
KA

B B cos 6

)

D is the grain size, K is the Scherrer constant, A is the X-ray wavelength, § is
the half-peak width corresponding to the diffraction peak and 6 is the corresponding
diffraction angle.
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Figure 2. XRD patterns: (a) LDH samples prepared via different preparation processes, (b) magnified
view of 8-12° for (a), (c) LDH samples intercalated with aspartate prepared via different
preparation processes.

Furthermore, Figure 2b presents a magnification of the region ranging from 8° to
11° in Figure 2a. As can be observed from the figure, the diffraction peaks of the (003)
crystal planes of LDH-2 and LDH-3 were shifted slightly from 10.34° to 10.23°. Based
on the Bragg equation, the interlayer spacing of LDH-2 and LDH-3 was increased from
0.855 nm to 0.864 nm, which was probably attributed to the reduction in interlayer CO32~
content. CO, in the air dissolved into the solution to form CO3%~. The ionic size of
CO532~ was smaller than that of NO;~, and the binding of CO32~ to LDH lamellae was
stronger than that of NO3~. Both the one-pot mixing preparation procedure and the
adoption of N; as the protection inert gas could lead to less contact of the solution with
CO; in ambient atmosphere. As a result, the interlayer distance of LDH-2 and LDH-3 was
higher than other LDHs. The above result indicated that the one-step solution mixing
method and adoption of Nj protection atmosphere would have some influence on the
composition of the intercalated anions of LDH, which would decrease the content of the
intercalated carbonates.

A green corrosion inhibitor of aspartate was selected to investigate the structural
changes in LDH samples prepared via different parameters during intercalation of corrosion
inhibitor anions. As shown in Figure 2c, the (003) crystal plane diffraction peak of all
the LDH samples shifted significantly to the left after aspartate intercalation, indicating
that aspartates had been successfully intercalated into the interlayer of LDH samples.
The characteristic diffraction peaks of aspartate-intercalated LDH samples prepared via
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different processes all appeared at the same position, demonstrating that changing the
preparation process had no significant effect on the following anion exchange reaction of
LDH in various inhibitor solutions.

Figure 3 presents morphologies of LDH samples fabricated via different preparation
processes characterized by SEM. As shown in the figure, all LDH samples prepared by
different processes exhibited a typical sheet-like hexagonal structure, and most of the
samples presented a platelet size ranging from approximately 1 pm to 5 um. Notably,
LDH-6 presented LDH platelets with a larger size in comparison with other samples,
and the biggest platelets can exceed 5 um, which was probably due to the continual
growth of crystalline particles during the hydrothermal treatment in a hydrothermal reactor.
Correspondingly, the intensity of the (003) peak in the XRD diagram increased remarkably
in comparison with other samples, indicating the improved crystallinity of this sample.
In addition, more irregular platelets appeared in the SEM of LDH-2, which was in good
accordance with the decreased crystallinity of LDH-2 in Figure 2a. This result indicated
that the direct solution-mixing method to prepare LDH would have a negative effect on
its formation, while the post-hydrothermal treatment could enlarge the size of the LDH
particles to some extent, and other parameter variations, including the reaction atmosphere,
pH of the solution and titration rate, could not influence the particle size and morphology
of the formed LDH.

Figure 3. Morphology images of LDH samples prepared via different preparation processes:
(a) LDH-1, (b) LDH-2, (c) LDH-3, (d) LDH-4, (e) LDH-5, (f) LDH-6.

Figure 4 shows the morphology of LDH samples intercalated with aspartate based
on LDH prepared via different processes. It could be observed that all LDH samples
obtained via different preparation processes exhibited a typical hexagonal structure, and
the agglomeration was significantly alleviated compared with that before aspartate interca-
lation. This indicated that aspartate intercalation did not exert a significant influence on the
morphology of LDH samples prepared via different preparation processes, and aspartate
can improve the dispersion of LDH to some extent.

Figure 5a presents the FTIR results of LDH samples prepared via different synthesis
processes. All LDH samples exhibited a broad absorption band near 3469 cm~!, which
was assigned to the stretching vibration of O-H groups in the interlayer of LDH and the
vibration of physically adsorbed water molecules [12]. The absorption peak at 1645 cm ™!
was associated with the H-O-H stretching vibration [13]. The absorption bands observed in
the range of 500-800 cm ! were assigned to the M-O and M-OH lattice vibrations of the
LDH layers, where M = Ca, Al [16,24]. The strong absorption peak of the LDH samples near
1400 cm~! corresponded to the symmetric stretching vibration of NO3 ~, and the additional
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absorption peak near 1345 cm ! was attributed to the stretching vibration of CO32~, which

originated from the contamination of CO; in ambient air and deionized water during the
preparation process [25]. The above results indicated that the preparation process did not
exert a significant effect on the chemical composition of LDH.

Figure 4. Morphology images of LDH samples intercalated with aspartate based on LDH prepared
via different preparation processes: (a) LDH-A1, (b) LDH-A2, (c) LDH-A3, (d) LDH-A4, (e) LDH-A5,
(f) LDH-Ae.

(a) ; (b) 1580 1416
W\'\m LDH-A6 N/
’5? \~ L Vm : LDH-AS
& N LDH-4 ™ m &
£ ! £ .
g : g LDH-A3 "\
LDH-2 | =
\~~ WELONTTNNA [T e W T
1400 | 1345 i
L L L L L 2 L L L L L L L L L
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™) Wavenumber (cm™)

Figure 5. FTIR spectra of (a) LDH samples prepared via different preparation processes; (b) LDH
samples intercalated with aspartate based on LDH prepared via different preparation processes.

Figure 5b presents the FTIR spectra of aspartate-intercalated LDH samples prepared
via different synthesis processes. The strong peak 1416 cm~! was assigned to the symmetric
stretching vibrations of the carboxylate group (-COO™) in aspartate. An obvious shoulder
peak near 1580 cm~! was attributed to the bending vibration of -NH, in aspartate. It
can be seen that the FTIR spectra of aspartate-intercalated LDH samples prepared via
different synthesis processes all exhibited the characteristic absorption peaks of both LDH
and aspartate, indicating that aspartate anions had been successfully loaded in LDH,
and variations in the preparation process did not affect the chemical composition of the
resulting material.

3.2. Anti-Corrosion Effect of Various LDH Samples

In order to improve the corrosion protection ability of the synthesized LDH, the corro-
sion inhibitor of aspartate was used to modify LDH to realize environmental friendliness
due to the strict environmental protection standard in practical applications. The EIS
tests were performed to evaluate the corrosion protection effect. For comparison, the EIS
tests in blank NaCl solutions without and with LDH containing no inhibitors were also
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carried out. Figure 6 shows the EIS plots of Q235 carbon steel electrodes after immersion
in different test solutions for 1 h, 4 h, 8 h, 24 h, 48 h, 72 h, 96 h and 120 h, respectively.
The left panel presents Nyquist plots, and the right panel presents Bode plots. All the
Nyquist plots present only one capacitive arc. In Bode plots, the impedance modulus at
0.01 Hz (1 Z1 ¢ 0112,) was commonly employed to evaluate the corrosion inhibition capability
of corrosion inhibitors on metals. The | Z 1 1, value of carbon steel in blank solutions
remained in the order of 10> Q-cm? throughout the entire immersion period, indicating
that severe corrosion occurred on the carbon steel surface. After immersion in the LDH-1
test solution, the | Z | o151, of carbon steel decreased from 1.11 x 10° Q-cm? (after 1 h) to
9.74 x 10*> Q-cm? (after 120 h). This phenomenon can be attributed to the ion exchange
capacity of LDH, which adsorbed part of C1~ in the solution into the interlayer region and
released NO3 ™~ at the same time, thereby mitigating the corrosion of carbon steel [13].
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Figure 6. EIS results of Q235 carbon steel immersed in different solutions containing (aj,az) blank,
(by,by) LDH-1.

When Q235 carbon steel was immersed in blank NaCl solution, its Nyquist plot only
presented one capacitive arc, so this system could be fitted by an equivalent circuit with one
time constant in Figure 7a corresponding to the electrochemical corrosion process. When
Q235 carbon steel was immersed in the test solution containing various LDH, a broad phase
angle peak could be observed in the Bode plots during the initial immersion period. The
peak became narrowed with the increased immersion, and a small peak appeared at lower
frequencies. According to the reported literature [26,27], the protective layer in the form of
a passivation film caused by high alkalinity or adsorption of inhibitor molecules was able
to lead to the presence of another time constant in the EIS diagram in addition to the time
constant related to the electrochemical corrosion process. In the case of LDH-1, a passive
film could be formed in situ on the carbon steel surface in strongly alkaline solutions due to
the hydroxyl-releasing behavior of LDH, as evidenced in our previous work [16]. Therefore,
the equivalent circuit shown in Figure 7b with two time constants was adopted to fit the
EIS results.
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Figure 7. (a,b) Equivalent circuit used for fitting EIS results; (c) R, variation curves of carbon steel in
test solutions with inhibitor anion-intercalated LDH samples.

Figure 8 presents the EIS results of LDH-A1, where the left panel of the figure shows
a Nyquist plot and the right panel shows a Bode plot. As illustrated in the figure, in
the test solution of LDH intercalated with aspartate prepared via different synthesis pro-
cesses, a single capacitive arc was observed in all systems during immersion. After carbon
steel was immersed in the test solutions of LDH-A1 for 120 h, the | Z |91y, values were
2.32 x 10* Q-cm?2, which was an improvement to some extent compared with the | Z 1 o111,
value of carbon steel immersed in the LDH-1 test solution. This could be attributed to the
fact that the corrosion inhibitor anions of aspartates intercalated in the LDH layers could
undergo ion exchange with C1™ in the solution to achieve controlled release. In addition, the
released corrosion inhibitor anions of aspartates migrated to the carbon steel interface and
formed a protective barrier film with coordination-like stability based on the fact that the
heteroatoms of aspartates such as N and O participated in the donor-acceptor interaction
with the vacant d-orbitals of Fe atoms at the surface, thereby inhibiting the electrochemical
corrosion process of the substrate [28,29]. In the Bode plots, a broad phase angle peak
appeared in the initial immersion period, and it narrowed with increased immersion. The
appearance of the broad phase angle peak can be attributed to the overlapping of two peaks.
The equivalent circuit with two time constants can be used to fit the EIS data, where one
time constant corresponded to the formed film on the surface and the other corresponded
to the electrochemical corrosion process. The appearance of the wide phase angle peak
was due to the overlapping of the two phase angle peaks corresponding to the protective
film and the corrosion process, respectively. However, as the immersion time increased,
the protective film was damaged, allowing the corrosive medium to directly erode the
carbon steel. In this case, the two phase angle peaks can be observed more clearly. Thus,
the equivalent circuit shown in Figure 7b with two time constants was also adopted to fit
the EIS results.
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(b1,b2) LDH-A2, (c1,c2) LDH-A3, (d1,d2) LDH-A4, (eq,e2) LDH-AS, (f1,f2) LDH-A6.
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EIS results of Q235 carbon steel immersed in test solutions of (aj,a;) LDH-A1,
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In the equivalent circuit in Figure 7a,b, Rs denotes the solution resistance, R represents
the film resistance, CPE; stands for the film capacitance, Rt and CPEgy; are parameters
associated with the electrochemical corrosion process at the interface between the solution
and the carbon steel electrode surface, corresponding to the charge transfer resistance and
the double-layer capacitance, respectively. The corresponding fitting results are presented
in Tables 1 and 2.

Table 1. The parameters obtained from the fitting of the EIS data in Figure 6.

I . CPEf Rf CPEdl R . Chi-

Samples TLersion <, Square
P Time (Q—1~c)1{rf1_z-s“) ng (Q-cm?) (Q_LZICIIII_Z‘SH) nq (Q2-cm?) Value (x2)
Blank 1h — — — (1.06 £0.12) x 1073 0.83  (1.66 +0.20) x 10° 6.0 x 1073
4h — — — (7.60 +1.37) x 107* 080 (2.14+0.13) x 10> 1.6 x 1072
8h — — — (710 +1.32) x 107* 078  (2.63+0.30) x 10> 1.7 x 1072
24h — — — (697 +0.75) x 107 075 (2.81+0.19) x 103 1.5 x 1072
48h — — — (792 +058) x 107* 073 (2.67+0.32) x10° 1.0 x 102
72h — — — (992 +1.44) x 107 067 (2.76+0.30) x 103 2.1 x 1073
96 h — — — (1.19+0.19) x 1073 0.64 (3.10+091) x 10> 2.4 x 1073
120 h — — — (1.40+0.23) x 1073 0.62 (2.76+0.35) x 10> 1.9 x 1073
LDH-1 1h (540 +0.34) x 1075 090 (6.62 +2.55) x 10* (2.30+1.26) x 107¢ 098 (7.68+3.95) x 10* 1.8 x 10~*
4h (544 +049) x 107> 090 (7.03+1.69) x 10* (583 +6.29) x 107> 095 (4.86+224) x 10* 43 x107*
8h (570 +0.50) x 1075 090 (2.09 +1.27) x 10* (643 +3.64) x 1075 094 (1.02+1.15) x 10* 1.2x 1073
24h (6.19+0.96) x 107> 090 (5.99 +0.38) x 10>  (1.30+0.27) x 107¢ 077 (156 +1.15) x 10* 7.0 x 10~*
48h (6.75+0.77) x 107> 0.88 (499 +0.77) x 103  (2.32+042) x 107* 074 (1.67+0.90) x 10* 1.8 x 1073
72h (6.96 +120) x 107> 0.88 (5.16 +2.10) x 10> (3.05+0.77) x 107¢ 0.68 (1.73+0.69) x 10* 1.1 x 1073
9% h (744+123) x 107° 087 (483+222) x10° (377+093) x 107* 065 (1.97+031) x 10* 1.3 x 1073
120 h (744 +128) x 107> 087 (3.11+0.10) x 10>  (445+1.03) x 10~* 0.60 (1.50 +0.87) x 10* 1.4 x 1073

Table 2. The parameters obtained from the fitting of the EIS data in Figure 8.
CPE; CPEg g
Samples Immprsion Y (QRf 2) Yaq (QI,{d 2) Ch{/flcllll;are
Time O 1.cm—2.s") nf o O 1.cm—2.s") dl o (e

LDH-A1 1h (466 £0.23) x 107> 091 (1.324+0.48) x 10°  (411+3.36) x 107* 090 (270 +1.91) x 10* 2.3 x 1073
4h (5.00+£0.68) x 107> 091 (5.85+2.88) x 10* (8.214+8.38) x 10> 077 (220+1.44) x 10* 1.6 x 1073
8h (547 £057) x 107> 090 (3.09 +1.33) x 10* (526 +1.67) x 10> 088 (1934 0.25) x 10* 1.2 x 1073
24h (6.83 £1.06) x 107> 0.87 (1.50 £ 0.60) x 10*  (1.31 £0.53) x 10~* 0.81  (1.81 £042) x 10* 1.4 x 1073
48h (7.08 £ 0.57) x 1075 0.88 (1.30 +0.45) x 10*  (1.85+0.71) x 107* 073  (2.02+0.30) x 10* 1.1 x 1073
72h (747 +0.37) x 107> 0.86 (1.50 +0.86) x 10*  (2.66 +0.68) x 10™* 076  (2.02+0.15) x 10* 1.7 x 1073
96 h (7.88+0.23) x 107> 0.85 (1.14+048) x 10* (273+1.15) x10™* 071 (1.86+0.20) x 10* 2.0 x 1073
120 h (86+074) x 1075 083 (1.16+0.61) x 10*  (3.84+1.10) x 10* 071 (1.51+057) x10* 12x 1073
LDH-A2 1h (7.32+0.14) x 107> 0.87 (2.00+1.39) x 10*  (124+0.75) x 107* 052 (552+3.58) x 10* 7.7 x 107*
4h (844+0.13) x 1075  0.87 (1.17+1.16) x 10*  (1.38+1.12) x 107* 052 (218 +0.64) x 10* 1.2 x 1073
8h (898+027) x107° 087 (6.66+3.36) x 10° (147 +0.88) x10~* 055 (2.19+0.16) x 10* 1.0 x 1073
24h (1.00 +0.00) x 107*  0.86 (628 +3.25) x 10>  (2.04+0.41) x 107* 055 (208 +0.68) x 10* 1.2 x 1073
48h (1.02+0.05) x 10*  0.85 (4.48+1.89) x 10> (207 +0.54) x 107* 055 (2.18+0.45) x 10* 88 x 107*
72h (1.12+0.08) x 107*  0.85 (4.56 +1.49) x 10>  (2.34+0.89) x 10™* 055 (1.93+0.23) x 10* 1.0 x 1073
96 h (1.17 +0.04) x 10~*  0.84 (5.04+2.28) x 10>  (2.62+0.93) x 107* 057 (1.80+0.06) x 10*  1.5x 1073
120 h (1.23+0.08) x 107%  0.82 (5.92+292) x 10> (3.12+0.69) x107* 061 (1.63+0.25) x 10*  1.5x 1073
LDH-A3 1h (430 +0.05) x 107> 093 (1.50 +0.26) x 10°  (7.68 +3.54) x 107> 098 (3.67+0.95) x 10* 1.8 x 107*
4h (443+0.18) x 107> 093 (6.68+1.45) x 10*  (1.51+190) x 107* 094 (1.99+170) x 10* 1.3 x 10~*
8h (4.82+0.11) x 107> 092 (5.63+1.30) x 10* (716 +1.75) x10°° 080 (1.58+0.79) x 10* 1.5 x 1073
24h (6.07+0.52) x 1075 0.89 (2.32+0.61) x 10* (849 +0.13) x 10°° 072 (222+0.18) x 10* 1.2 x 1073
48h (6.62+0.57) x 107> 0.89 (1.41 +0.60) x 10*  (8.33+0.37) x 107> 064 (2.60+0.38) x 10* 83 x 1074
72h (749 +1.12) x 107> 0.87 (1.51+0.86) x 10*  (1.06 + 0.30) x 10~* 058 (257 +1.10) x 10* 1.6 x 1073
96 h (7.80+0.91) x 107> 0.87 (1.17+0.74) x 10*  (9.13+2.02) x 1075 056 (2.69+1.16) x 10* 8.6 x 10~*
120h (8.81+0.42) x 107> 0.86 (8.26 +4.48) x 10> (129 +0.10) x 10™* 057 (1.88+0.31) x 10* 82 x 107*
LDH-A4 1h (5.02+0.02) x 1075 090 (1.20+0.34) x 10°  (7.12+331) x 107> 089 (443 +2.06) x 10* 2.6 x 1073
4h (5.64+0.12) x 107> 090 (418+1.75) x 10*  (7.08+3.46) x 1075 087 (1.80+0.49) x 10* 22 x 1073
8h (620 +0.21) x 107> 0.89 (2.07+0.17) x 10*  (655+1.15) x 107> 084 (2.03+0.08) x 10* 1.4 x 1073
24h (7.50 + 0.68) x 10> 0.87 (1.06 +0.15) x 10*  (1.90+0.39) x 10™* 078 (1.74+058) x 10* 2.1 x 1073
48h (858 +0.67) x 107> 0.85 (8.11+0.89) x 10> (3.39+0.78) x107* 078 (128+047) x 10* 1.2x 1073
72h (9.09+0.74) x 107> 0.83 (8.79+0.16) x 10>  (5.40+3.10) x 107* 078 (127+0.49) x 10* 1.3 x 1073
96 h (958 +1.06) x 1075 0.82 (8.71+0.22) x 10>  (6.83 +554) x 107* 078 (128 +0.64) x 10* 1.0 x 1073
120 h (1.02+0.13) x 107*  0.81 (8.37+0.38) x 10>  (7.00 +4.14) x 107* 075 (1.29+0.50) x 10*  1.5x 1073
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Table 2. Cont.
CPE; CPEg .
Samples Immersion Y Ry 2 Ya QRd 2 Chi/fl?lléare
Time (©Q~1.em—2-s") ng (€2-em?) ©~1.cm—2.s) nq (@-cm?) Q)
LDH-A5 1h (5.72+0.75) x 107> 090 (6.36 +3.51) x 10*  (6.64+5.03) x 107> 050 (6.30+3.25) x 10* 1.2 x 1073
4h (5.97+097) x 107 090 (4.73+3.32) x 10* (847+691) x 1075 067 (295+1.86) x 10* 1.6 x 1073
8h (650 +0.56) x 1075 0.89 (2.22+0.60) x 10* (773 +6.70) x 10°° 071  (1.86+0.20) x 10* 1.2 x 1073
24h (7.55+0.23) x 107> 0.88 (1.25+0.19) x 10*  (1.48+0.64) x 107* 070 (1.53+0.11) x 10* 1.7 x 1073
48 h (838 +0.25) x 107> 0.87 (9.84+2.74) x 10>  (230+0.37) x 107* 072 (1.26+0.11) x 10* 1.4 x 1073
72h (845+0.70) x 1075 0.87 (8.51+2.88) x 10> (229 +0.39) x 107*  0.63  (1.59 +0.63) x 10* 1.7 x 1073
96 h (916 +0.35) x 107°  0.86 (7.18 +3.78) x 10>  (2.63+0.37) x 107*  0.61 (126 +0.21) x 10* 1.4 x 1073
120 h (9.34+0.08) x 107> 0.86 (7.03+4.23) x 10>  (2.82+0.72) x 10™* 059 (1.24+027) x 10*  1.5x 1073
LDH-A6 1h (654 +1.65) x 107> 0.89 (4.95+2.59) x 10*  (729+3.30) x 1075 060 (3.92+0.18) x 10* 1.8 x 1073
4h (817 +3.54) x 1075 0.85 (2.76 +1.28) x 10*  (7.08 +9.76) x 10~* 078 (277 +1.88) x 10* 1.6 x 1073
8h (847 +3.11) x 10> 0.85 (2.09 +1.15) x 10*  (230+251) x 107* 074 (1.85+1.14) x 10* 1.7 x 1073
24h (8.69 +1.60) x 107> 0.86 (9.98 +6.49) x 10>  (1.83+0.36) x 10™* 067  (1.89+0.26) x 10* 2.4 x 1073
48 h (918 +2.12) x 107> 0.86 (7.92+3.64) x 10> (269 +1.65) x 107* 061 (1.77+0.73) x 10* 1.6 x 1073
72h (1.02+0.24) x 107*  0.84 (5.82+0.85) x 10>  (325+230) x 107* 059 (1.93+098) x 10* 1.3 x 1073
96 h (1.06 +0.25) x 10 0.83 (6.06 +0.79) x 10>  (3.55+3.02) x 107* 057 (210+1.21) x 10* 1.2 x 1073
120 h (1.10 +1.92) x 107*  0.82 (7.50 +2.11) x 10> (417 +3.31) x 107* 065 (1.53+0.69) x 10* 1.6 x 1072

As can be observed from Table 1, Rt of the blank sample increased slightly during the
immersion period of 120 h, which was due to the accumulation of the corrosion products.
Y4 showed an increasing trend, while n4; demonstrated a decreasing trend, indicating that
the electrode surface was becoming gradually heterogeneous due to the development of
the corrosion process [26,27]. The Rt values of the LDH-1 were higher than those of the
blank sample. The addition of LDH samples effectively enhanced the corrosion resistance
of carbon steel. A decrease in Rt and R can be observed in the case of LDH-1 with no
inhibitor modification after 8 h, which was caused by the fact that the passive film caused
by high alkalinity became partially broken due to the decrease in pH. In addition, Y} also
increased and n¢ decreased, and Yq; and ng; presented the same trend, demonstrating that
a more heterogeneous surface was formed during immersion.

According to Table 2, R¢ and R values of aspartate-intercalated samples LDH-A1,
LDH-A2, LDH-A3, LDH-A4, LDH-AS5 and LDH-A6 decreased slightly upon the immersion
time with some fluctuations, and the decrease was less than that in the case of LDH-1
without inhibitor intercalation. In addition, Y increased and n; decreased, and Yy and ng;
presented a similar trend, demonstrating that the surface was becoming rougher and the
corrosion protection ability of the film on the surface declined gradually.

Polarization resistance Rp, is the sum of R and Ret, which can be regarded as an
indicator to characterize the corrosion resistance of carbon steel [30,31]. Figure 7c presents
the variation in R, of carbon steel in NaCl solutions without and with the addition of
5 g/L LDH-1 and LDH-A1, respectively. It can be seen that the R}, values of carbon steel in
blank NaCl solutions were almost more than one order of magnitude lower than those of
other samples. Furthermore, the sample in solution with LDH-1 presented significantly
lower values than the samples in solution with most of the LDH samples intercalated
with aspartates. The sample with LDH-A3 addition demonstrated the largest R, values,
suggesting that Ny protection was probably able to improve the corrosion protection
ability due to the increase in the inhibitor loading amount since CO, contamination was
almost avoided in this case. In addition, the sample with LDH-A1 addition followed that
with LDH-A3 addition, which was higher than those of other samples, indicating that
control of other parameters including pH and post-hydrothermal treatment was not of
great significance for the final corrosion protection property of LDH. Notably, the one-step
solution-mixing method and a fast titration rate in co-precipitation would have a negative
influence on the corrosion protection of LDH, probably due to insufficient reaction.
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Figure 9 shows optical images of carbon steel after immersion in 0.1 mol/L NaCl
solution for 120 h without and with LDH-1 and LDH-A1 additions. It can be seen that
the surface of the carbon steel after immersion in blank NaCl solutions was corroded
seriously, and lots of porous corrosion products were formed. As for the sample with
LDH-1 and LDH-A1 additions, the carbon steel surface remained intact, and no corrosion
area can be observed. These results were in good accordance with the changes in Ry, during
immersion in Figure 7c. Although the R, values of the sample with LDH-1 were lower than
those of the sample with LDH-A1, no remarkable differences can be found in the surface
optical characterization. It can be concluded that LDH-1 and LDH-A1 could provide a
good corrosion protection effect for carbon steel in 0.1 mol/L NaCl solution during the

immersion period.

Figure 9. The optical images of the carbon steel after immersion in 0.1 mol/L NaCl solution for 120 h
(a) with no LDH addition, (b) with addition of 5 g/L LDH-1 and (c) with addition of 5 g/L LDH-A1.

4. Conclusions

In this work, the influence of preparation parameters on CaAl-LDH was systematically
investigated. The effects of solution-mixing mode, reaction atmosphere, pH of the reaction
solution, titration rate and hydrothermal post-treatment on the crystalline structure, mor-
phology and chemical composition of LDH were explored, and the influence of variations
in these preparation processes on the corrosion inhibition performance of LDH was also
studied. The main conclusions are as follows:

(1) For LDH prepared under a nitrogen atmosphere or via a one-step solution-mixing
synthesis procedure, less carbonate contamination could be obtained, and, thus, carbonates
would account for a lower percentage of the intercalated anions in the LDH gallery. In
addition, the one-step solution-mixing synthesis procedure could negatively influence the
formation of LDH and, thus, lead to a decrease in the crystallinity of LDH, probably due to
insufficient reaction, while hydrothermal post-treatment could increase the crystallinity
of LDH by promoting the continual growth of LDH platelets. In addition, the one-step
solution-mixing synthesis procedure could lead to the presence of irregular platelets, while
post-hydrothermal treatment was able to increase its size, and other parameter variation
such as reaction atmosphere, pH of the reaction solution and titration rate would not have
an obvious influence on the morphology of LDH.

(2) The results of the anti-corrosion performance tests indicated that adoption of
N, protection would be helpful for the corrosion protection improvement in inhibitor-
intercalated LDH, probably due to the fact that fewer carbonates were intercalated in
the LDH gallery; thus, more space would appear for the inhibitor intercalation. In ad-
dition, pH control and post-hydrothermal treatment would have little influence on the
final corrosion protection ability, while the one-step solution-mixing method and a larger
titration rate would be disadvantageous for the corrosion protection effect, probably due to
insufficient reaction.

In conclusion, N, protection was suggested in the preparation, while the adoption of
N, protection or not would depend on the relationship between the corrosion protection
effect and the intercalated inhibitors. If a small change in the amount of the intercalated
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inhibitor could lead to a significant change in the corrosion protection property of LDH, Np
protection would be of great significance. In addition, sufficient reaction during preparation
was also very important due to the fact that insufficient reaction in the one-step solution-
mixing method or adoption of a larger titration rate have an obviously negative influence
on its corrosion protection ability. In future work, more effort should be devoted to the
investigation of the influence of the parameter changes on inhibitor loading, which will be
of great significance on its long-lasting corrosion protection effect.
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Abbreviations

The following abbreviations are used in this manuscript:

LDH Layered Double Hydroxide

MOF Metal-organic Framework

GO Graphene Oxide

SEM  Scanning Electron Microscope

FTIR  Fourier-Transform Infrared Spectroscopy
XRD  X-ray Diffraction

EIS Electrochemical Impedance Spectroscopy
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