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Featured Application: The synthesized MgAl layered double hydroxide (LDH) with strong chloride
adsorption ability will have great application potential in the field of corrosion protection.

Abstract: In recent years, layered double hydroxide (LDH) has attracted extensive attention of
researchers in the field of corrosion protection due to its unique structure and anion exchange
characteristics. However, its chloride adsorption capacity remains to be further optimized to increase
its corrosion protection ability. In this work, the influence of reactant concentration on the prepared
MgAl-LDH intercalated with nitrates was investigated, and the morphology, composition, and
structure were characterized by scanning electronic microscopy/energy dispersive spectrometer
(SEM/EDS), transmission electron microscopy (TEM), Fourier transform infrared spectroscopy
(FTIR), X-ray photoelectron spectroscopy (XPS), and X-ray diffraction (XRD), respectively. The
results indicate that the reactant concentration did not have an obvious influence on the particle size
and morphology of LDH, while the composition and crystalline structure were changed to some
extent. The corresponding reasons were interpreted deeply. The chloride absorption behavior was
investigated, and the powder after immersion in NaCl solutions with different concentrations was
characterized by XRD to explain the difference in chloride adsorption amounts. The MgAl-LDH
powder synthesized at higher concentrations presented excellent chloride adsorption ability with
a Qm value of 155.88 mg/g, which was much better than that reported in the literature. This work
demonstrated the superior chloride adsorption of the synthesized MgAl-LDH, and it is of great
significance for providing a solid foundation and guidance for the industrial application of LDH in
the field of corrosion protection in the future.

Keywords: layered double hydroxide; anion exchange; chloride adsorption; mechanism

1. Introduction

In recent years, layered double hydroxide (LDH) has been widely used in the field of
corrosion protection due to its unique layered structure, anion-accommodating capacity,
and anion exchange characteristic [1]. Based on the attractive anion-accommodating
capacity of LDH, a wide range of various inhibitors has been intercalated in its gallery.
Upon contact with corrosive medium, the loaded inhibitor anions would participate in the
anion exchange reaction between them and the aggressive anions in the environment such
as Cl− and SO4

2− [2]. As a result, the aggressive anions were adsorbed into the gallery
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of LDH, and the inhibitor anions were released out into the environment, presenting a
dual function including reducing the concentration of aggressive chlorides and releasing
corrosion inhibitors in this case. The released inhibitor is able to prevent the corrosion
of initiation, propagation, and development [3]. On one hand, the self-healing property
can be attributed to the enhanced physical barrier effect by filling pores with corrosion
products after initiation of corrosion. On the other hand, it is of great significance that the
release of inhibitor anions in the defect sites is able to inhibit the development of corrosion
by passivation, complexing, and precipitation [4].

One significant application of LDH in the field of anticorrosion is the incorporation of
LDH powders as fillers in the organic coatings applied on metal substrates. LDH in coatings
is able to absorb chlorides through an anion exchange reaction, resulting in the decrease in
the chloride concentration and the release of corrosion inhibitors in the system. In addition,
the intercalated chlorides in the gallery were able to further prevent the permeation of
chlorides by acting as a concentration gradient wall as shown in Figure 1.
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In the published literature, many researchers focused on the modification of LDH
using inhibitors, and enhanced corrosion protection effect was obtained. For example, Su
et al. prepared nitrite-intercalated MgAl-LDH and added it into the epoxy coating, and
the localized electrochemical impedance spectroscopy (LEIS) test results indicated that the
coatings containing LDH-NO2 presented the most significant corrosion resistance upon
the presence of scratches in comparison with the blank coating and the coating with LDH-
CO3 [5]. Alibakhshi et al. reported the application of MgAl-LDH-PO4

3− in a silane primer
top-coated by epoxy–polyamide on mild steel. The electrochemical results verified its active
corrosion protection ability due to the release of PO4

3− [6]. Li et al. synthesized nitrate
and molybdate intercalated ZnAl-LDH, and the controlled release of NO2

− and MoO4
2−

resulted in a relatively long-term corrosion effect [7]. In addition, an environmentally
friendly corrosion inhibitor aspartic acid (ASP) was used to modify MgAl-LDH films on
Mg alloys by a one-step hydrothermal method by Chen et al. It can be seen that the MgAl-
LDH-ASP coating presented an excellent self-healing ability due to the synergistic effect
between ASP and the laminate structure of LDH [8]. Ma et al. prepared MgAl-LDH loaded
with 5-aminoindazole (AIA), which displayed a controllable release behavior and excellent
anticorrosion performance on copper in a 3.5 wt.% NaCl solution [9].

It can be concluded that most of the reported literature paid lots of attention to the
modification of LDH with inhibitors, and the inhibitor releasing behavior was studied
systematically, while the corresponding chloride adsorption behavior and capacity lack
systematic investigation. It should be noted that the inhibitor loading content was closely
related with the chloride adsorption capability based on the anion exchange mechanism.
Therefore, the optimization of the chloride adsorption capacity before modification would
play a positive role in improving the inhibitor loading amount. In this work, the MgAl-LDH
intercalated with nitrates was synthesized, and the influence of reactant concentration on
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its morphology, composition, structure, and chloride adsorption behavior was investigated
comprehensively. The novelty of the research focuses on the relationship of preparation,
structure, and properties by investigating the influence of reactant concentration on the
structure and chloride adsorption property. The structure, composition, and morphology
of the LDH products prepared with different reactant concentrations were systematically
characterized to find out the relationship of preparation, structure, and properties. This
study is able to provide useful information for industrial preparation of LDH with a strong
chloride ability and anticorrosion properties.

2. Materials and Methods
2.1. Materials and Agents

Chemical agents including Mg(NO3)2·6H2O, Al(NO3)3·9H2O, NaCl, NaOH, and
NaNO3 were provided by Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China) All
the agents were analytical grade, and all the solutions were prepared with deionized water.

2.2. Preparation of LDH

MgAl-LDH was prepared by coprecipitation method followed by hydrothermal treat-
ment. A total of 200 mL solution including 0.5 mol/L Mg(NO3)2 and 0.25 mol/L Al(NO3)3
was dropped to 2 mol/L NaNO3 (with 3 mol/L NaOH) slowly with rigorous stirring.
The temperature of the coprecipitation was kept at 65 ◦C, and this coprecipitation process
lasted 1 h approximately. Then, the LDH slurry was transferred to a stainless hydrothermal
reactor for subsequent hydrothermal treatment for 24 h at 120 ◦C. The product was washed
using deionized water by centrifugation and then dried in oven at 60 ◦C for 48 h. The final
obtained sample was labeled as C-high. Another sample labeled as C-low was synthesized
according to the above procedure, where the concentration of Mg(NO3)2, Al(NO3)3, and
NaNO3 was adjusted to 0.25 mol/L, 0.125 mol/L, and 1 mol/L, respectively.

2.3. Characterization of LDH

The morphology of LDH was observed by scanning electron microscopy (SEM, ZEISS
ULTRA55) and transmission electron microscopy (TEM, JEM2100). The elemental compo-
sition of LDH was characterized by energy dispersive spectrometer (EDS), and chemical
composition was obtained by Fourier transform infrared spectroscopy (FTIR, Nicolet IS10).
The scanning range was from 4000 cm−1 to 700 cm−1, and the resolution was 4 cm−1.
Diamond was used as the crystal, and 16 scans were performed. In addition, the chem-
ical composition was also obtained by X-ray photoelectron spectroscopy (XPS, PHI5000
VersaProbe III) using Al Kα source (1486.6 eV). The XPSPEAK 4.1 was used for peak fit-
ting. The X-ray beam adopted high power mode (100 W, 20 kV), and the analysis area
was 100 µm × 1400 µm. The spectrum was corrected by shifting C 1s to 248.4 eV. X-ray
diffraction (XRD, X’Pert PRO) test using Cu Kα radiation (λ = 1.5406 Å) was carried out
in the scanning range from 5 to 80◦ to characterize the crystalline structure of LDH. The
applied voltage was 40 kV, and the current was 40 mA.

2.4. Chloride Adsorption Behavior of the Synthesized LDH Powders

NaCl solutions measuring 0.002, 0.005, 0.01, 0.02, 0.04., and 0.08 mol/L were prepared
for the chloride adsorption behavior characterization of LDH. A total of 1 g/100 mL
(10 g/L) LDH powder was added into the above solutions. The equilibrium was attained
after rigorous stirring of 24 h, and a home-made Ag/AgCl probe by anodization was used
for detection of the chloride concentration. The preparation procedure of home-made
chloride electrode was described in details as follows: Ag wire (Φ 0.5 mm, 99.99%) was
subjected to constant current anodizing in 0.1 mol/L HCl solution with a current density of
0.1 mA/cm2 for 12 h under dark environment. The reduction of chloride was calculated
based on the standard curve.
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3. Results and Discussion
3.1. Characterization of LDH Powder
3.1.1. Morphology

The morphology was characterized by SEM as shown in Figure 1. It can be seen
that both the two samples C-high and C-low presented three different zones in the SEM
images as shown in Figure 2(a1,a2), where zone A,D corresponded to dark area, zone
B,E corresponded to light area, and zone C,F corresponded to aggregates. These three
different zones were enlarged at high magnifications in Figure 2(b1–d1,b2–d2), respectively.
Figure 2(b1,b2) showed uniform and dense distribution of the LDH platelets on the sub-
strates, while Figure 2(c1,c2) showed sparse and sporadic distribution. For Figure 2(d1,d2),
the LDH platelets aggregated seriously. The size distribution in Figure 3 also suggested
serious aggregation phenomenon, which was in good accordance with the SEM result.
It can be seen that both the LDH platelets synthesized at a high or low concentration
presented the typical hexagonal shape (Figure 4), which was in good accordance with
the literature [5,10–12]. According to inset images, the width (L) and the thickness (d) of
the hexagon of C-high in Figure 2(b1) were found to be 118 ± 15 µm and 17.2 ± 3.1 µm,
respectively, where the corresponding data for C-low in Figure 2(b2) were found to be
120 ± 20 µm and 19.0 ± 3.4 µm, respectively. It is clear that the change of reactant concen-
tration did not have an obvious influence on the morphology and size of the synthesized
LDH platelets.

TEM characterization was also carried out to show more details. It is clear that the
LDH platelets possessed a hexagonal shape as shown in the SEM results. The observed
lattice spacing in the high resolution TEM in Figure 5c,f indicated good crystallinity of
the synthesized LDH [13]. The Fast Fourier Transform (FFT) image further confirmed the
good crystallinity.

3.1.2. Structure

XRD characterization was performed to present the crystalline structure of the synthe-
sized samples. The result is shown in Figure 6. It can be seen that both the two samples
present the typical structure of LDH, including the (003), (006), (012), (015), (018), (110),
(113), and (1310) planes. It is worth noting that the position of the planes of the two samples
differs obviously. The (003) and (006) planes of C-high appeared at 9.97◦ and 19.93◦, respec-
tively. In addition, the peak related to the (011) plane of MgO also appeared at 29.48◦ in the
XRD spectrum of this sample. The (003) and (006) planes of C-low appeared at 11.10◦ and
22.34◦, respectively. The interlayer distance of C-high and C-low can be calculated to be
8.87 Å and 7.96 Å according to the position of the (003) plane and Bragg’s Law, corre-
sponding to the intercalated NO3

− and CO3
2−/OH−, respectively [14–16]. The underlying

reason for this difference may be that a lower concentration of Mg2+ and Al3+ reacted
with less hydroxyls in the case of C-low coprecipitation; as a result, the concentration of
remained hydroxyls in the solution would be higher. The pH after the coprecipitation
in the case of C-high and C-low was measured to be 8.0 and 12.7, respectively, which
supported the above explanation powerfully. A higher pH usually involves more carbonate
contamination in the preparation, and instead of nitrates, more CO3

2−/OH− would be
intercalated in the LDH gallery, leading to the position shift of the planes towards higher
2θ angles [17,18]. In addition, a higher pH may have obvious influence on the formation
of Al(OH)3 and Mg(OH)2, thus the structure of the finally obtained MgAl-LDH would
probably be different.
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3.1.3. Composition

The elemental information of the prepared samples characterized by EDS is shown in
Figure 7, and the atomic percentage of various elements is displayed in Table 1. According
to this table, C element accounted for an obviously higher percentage in C-low than that in
C-high, which was caused by the intercalation of a larger number of carbonates in C-low.
This result was in good accordance with the XRD result above. As for the O element,
the atomic percentage was 68.40% in C-high and 62.59% in C-low, respectively. It can be
seen that the atomic percentage of O in these two samples was close to each other, and
remarkable differences cannot be observed. It can be seen that the Mg/Al ratio differed
greatly between the C-high and C-low samples. This value was 1.88 ± 0.07 for C-high,
and it was close to the ratio of Mg/Al in the reactant. However, this value increased to
2.79 ± 0.16 when the reactant concentration was reduced. This result indicates that different
MgAl-LDH was formed when the reactant concentration was changed. As explained above,
the difference in pH value in the synthesis process of the two samples may result in this
observation. According to the literature, the change of M2+/M3+ ratio did not have an
influence on the position of the (003) plane, and thus the difference in C-high and C-low
in terms of the (003) plane position can only be attributed to the difference in intercalated
anions [19]. In addition, the elemental distribution and the atomic percentage of different
elements in the samples of C-high and C-low are shown in Figure 8, and it can be seen
that the various elements including C, O, Mg, and Al were distributed uniformly, verifying
the formation of MgAl-LDH instead of a mixture of oxides or hydroxides of magnesium
and aluminum.

The FTIR spectra are shown in Figure 9. The broad peak occurring in the range of
3000–3700 cm−1 of the two samples can be attributed to the hydroxyl group in LDH and
the adsorbed water molecules. The two peaks around 2300 cm−1 were related to the
asymmetric stretching vibration of CO2 in the atmosphere. The peak at 1645 cm−1 was due
to the bending vibration of water molecules. The adsorption peaks below 1000 cm−1 can
be assigned to the lattice vibrations and stretching modes of M–O and M–OH (M refers to
Mg2+ and Al3+) [15]. For the sample of C-high, the peak at 1355 cm−1 with a shoulder peak
at higher wavenumber can be attributed to the cointercalated nitrates and carbonates. The
peak at 1362 cm−1 can be assigned to the intercalated carbonates in the sample of C-low.
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Furthermore, an XPS test was carried out to demonstrate more detailed information
related to chemical bonds. As can be seen from Figure 10a, the survey spectra of the
two samples were similar to each other and indicated the presence of Mg, Al, C, N, and
O. The high-resolution XPS spectra of N at 407.2 eV for C-high and 407.0 eV for C-low
can be attributed to nitrates, indicating that nitrates existed in both samples. It should
be noted that the signal of N element of C-high was obviously much stronger with less
noise in comparison with that of C-low. The C 1s XPS spectrum for C-high consisted of
two components including ubiquitous contaminant carbon at 284.8 eV and C=O group of
CO3

2− at 288.6 eV [15]. The C 1s spectrum for C-low also contained two peaks appearing
at 248.8 eV and 287.7 eV. The slight shift of C=O may be related to a different environment
caused by a different pH in the synthesis. The O 1s XPS spectrum of C-high included
three peaks, corresponding to H2O at 533.1 eV, NO3

− at 532.4 eV, and CO3
2− or Al(OH)3

at 531.8 eV [20]. For the C-low sample, the peak at 532.3 eV can be attributed to NO3
−;

the peak at 531.6 eV can be attributed to CO3
2−, and the peak at 530.9 eV was due to

Mg(OH)2 [21]. According to Figure 10f,g, it is clear that more carbonates appeared in the
sample of C-low than that of sample C-high, which was in good agreement with the EDS
result, FTIR result, and XRD result. The XPS result further complemented the information
related to LDH composition and demonstrated the difference in terms of the carbonate and
nitrate numbers in the LDH gallery between the two samples. It can be concluded that the
sample C-high contained more nitrates and fewer carbonates, while it was the opposite in
the case of C-low.

Table 1. The atomic percentage of various elements and Mg/Al ratio in the samples of C-high
and C-low.

Element (At.%) C O Mg Al Mg/Al Ratio

C-high 13.97 ± 1.36 68.40 ± 0.70 11.49 ± 0.43 6.13 ± 0.32 1.88 ± 0.07
C-low 23.64 ± 1.63 62.59 ± 0.84 10.11 ± 0.69 3.66 ± 0.10 2.79 ± 0.16
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Appl. Sci. 2022, 12, 4492 9 of 15Appl. Sci. 2022, 12, x FOR PEER REVIEW 9 of 16 
 

 
Figure 8. The elemental distribution of different elements in the samples of C-high (a1–a5) and C-
low (b1–b5). 

Figure 8. The elemental distribution of different elements in the samples of C-high (a1–a5) and
C-low (b1–b5).



Appl. Sci. 2022, 12, 4492 10 of 15

Appl. Sci. 2022, 12, x FOR PEER REVIEW 10 of 16 
 

The FTIR spectra are shown in Figure 9. The broad peak occurring in the range of 
3000–3700 cm−1 of the two samples can be attributed to the hydroxyl group in LDH and 
the adsorbed water molecules. The two peaks around 2300 cm−1 were related to the asym-
metric stretching vibration of CO2 in the atmosphere. The peak at 1645 cm−1 was due to 
the bending vibration of water molecules. The adsorption peaks below 1000 cm−1 can be 
assigned to the lattice vibrations and stretching modes of M–O and M–OH (M refers to 
Mg2+ and Al3+) [15]. For the sample of C-high, the peak at 1355 cm−1 with a shoulder peak 
at higher wavenumber can be attributed to the cointercalated nitrates and carbonates. The 
peak at 1362 cm−1 can be assigned to the intercalated carbonates in the sample of C-low. 

 
Figure 9. The FTIR results of the synthesized samples. 

Furthermore, an XPS test was carried out to demonstrate more detailed information 
related to chemical bonds. As can be seen from Figure 10a, the survey spectra of the two 
samples were similar to each other and indicated the presence of Mg, Al, C, N, and O. The 
high-resolution XPS spectra of N at 407.2 eV for C-high and 407.0 eV for C-low can be 
attributed to nitrates, indicating that nitrates existed in both samples. It should be noted 
that the signal of N element of C-high was obviously much stronger with less noise in 
comparison with that of C-low. The C 1s XPS spectrum for C-high consisted of two com-
ponents including ubiquitous contaminant carbon at 284.8 eV and C=O group of CO32− at 
288.6 eV [15]. The C 1s spectrum for C-low also contained two peaks appearing at 248.8 
eV and 287.7 eV. The slight shift of C=O may be related to a different environment caused 
by a different pH in the synthesis. The O 1s XPS spectrum of C-high included three peaks, 
corresponding to H2O at 533.1 eV, NO3− at 532.4 eV, and CO32− or Al(OH)3 at 531.8 eV [20]. 
For the C-low sample, the peak at 532.3 eV can be attributed to NO3−; the peak at 531.6 eV 
can be attributed to CO32−, and the peak at 530.9 eV was due to Mg(OH)2 [21]. According 
to Figure 10f,g, it is clear that more carbonates appeared in the sample of C-low than that 
of sample C-high, which was in good agreement with the EDS result, FTIR result, and 
XRD result. The XPS result further complemented the information related to LDH com-
position and demonstrated the difference in terms of the carbonate and nitrate numbers 
in the LDH gallery between the two samples. It can be concluded that the sample C-high 
contained more nitrates and fewer carbonates, while it was the opposite in the case of C-
low.  

Figure 9. The FTIR results of the synthesized samples.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 11 of 16 
 

 
Figure 10. (a) XPS survey spectra of the two synthesized samples. High-resolution XPS spectra of 
sample C-high; (b) N 1s, (d) C 1s, (f) O 1s, and sample C-low (c) N 1s, (e) C 1s, and (g) O 1s. 

3.2. Chloride Adsorption Behavior of LDH 
Chloride is the most common aggressive anion in a corrosive medium, and the con-

centration of chloride in the solution has a significant influence on the corrosion of metals; 
therefore, in this manuscript, the chloride adsorption property of LDH was investigated. 
In order to characterize the chloride adsorption behavior of LDH and obtain the amount 
of chloride adsorption at equilibrium (mg/g), 1 g LDH was added to 100 mL of a different 

Figure 10. (a) XPS survey spectra of the two synthesized samples. High-resolution XPS spectra of
sample C-high; (b) N 1s, (d) C 1s, (f) O 1s, and sample C-low (c) N 1s, (e) C 1s, and (g) O 1s.



Appl. Sci. 2022, 12, 4492 11 of 15

3.2. Chloride Adsorption Behavior of LDH

Chloride is the most common aggressive anion in a corrosive medium, and the con-
centration of chloride in the solution has a significant influence on the corrosion of metals;
therefore, in this manuscript, the chloride adsorption property of LDH was investigated. In
order to characterize the chloride adsorption behavior of LDH and obtain the amount of
chloride adsorption at equilibrium (mg/g), 1 g LDH was added to 100 mL of a different
NaCl solution and subjected to rigorous magnetic stirring for 24 h. The pH of the NaCl
solution before the addition of LDH was measured to be 7.2, while the pH of NaCl solutions
with a concentration of 0.02 mol/L rose to 8.8 and 8.9 after 24 stirring with C-high and
C-low, respectively. This slight increase in pH can be attributed to the release of OH− anions
from the LDH gallery by the anion exchange reaction between OH− and chlorides. The re-
maining chloride concentration was measured, and the chloride reduction percentage was
calculated, which is shown in Figure 11a. As can be seen from this figure, the reduction per-
centage increased from 40% to 55% gradually when the NaCl concentration was increased
from 0.002 to 0.04 mol/L, and it decreased to 34% when the NaCl concentration was further
increased to 0.08 mol/L. For the sample C-low, the reduction percentage was 25% when
the NaCl solution was 0.002 mol/L, and it decreased gradually to about 1% when the NaCl
concentration increased to 0.01 mol/L. With the further increase in NaCl concentration, the
reduction percentage was around 0%, which was probably caused by the relatively lower
sensitivity of the Ag/AgCl probe at a higher chloride concentration. This result indicates
the poor chloride adsorption ability of C-low. This result may be probably caused by the
existence of a large number of carbonates in its gallery and the low adsorption capacity of
LDH itself. According to the XRD results in Figure 6, the amount of CO3

2− in the gallery
of C-low was remarkably higher than that of C-high. As carbonates have a strong affinity
with the interlayer, it is hard for the chlorides in the solution to replace carbonates in the
LDH gallery by an anion exchange reaction. As a result, the chloride adsorption ability of
C-low was found to be much lower than that of C-high. The chloride uptake amount of
LDH was calculated according to Equation (1) [22]:

Qe =
1000(C0 − Ce)VM

m
(1)

where Qe is the amount of chloride adsorption at the equilibrium (mg g−1), and C0 and
Ce are the initial and equilibrium chloride concentration (mol/L), respectively. V is the
solution volume (L); M is the molar mass of Cl element with a value of 35.5 mol/g, and m
is the mass of LDH (g). The Qe of LDH in different NaCl solutions is shown in Figure 11b.
It can be seen that Qe of C-high increased remarkably from 2.84 to 97.63 mg g−1 when the
NaCl concentration was increased from 0.002 mol/L to 0.08 mol/L. In the case of C-low,
Qe remained at 1.78 mg g−1 when the NaCl solution increased from 0.002 to 0.005 mol/L,
demonstrating that the chloride adsorption ability was maximized at a low concentration
at 0.002 mol/L. As explained above, the Qe stayed around 0 mg g−1 when the NaCl
concentration further increased due to the lower sensitivity of the Ag/AgCl probe at a
higher NaCl concentration. Based on the above analysis, it can be concluded that the
sample C-high possessed superior chloride adsorption ability in comparison with the
sample of C-low.

According to the literature, the Langmuir isotherm can provide better fitting for the
chloride adsorption by LDH; therefore, the Langmuir isotherm (Equation (2)) was used for
fitting in this work [22].

Qe =
KLQmCe

1 + KLCe
(2)

where KL (L mol−1) is related to the binding energy, and Qm (mg g−1) means the maximum
amount of chloride adsorption per unit mass of LDH for monolayer coverage. Qe is
the amount of chloride adsorption at the equilibrium (mg g−1), and Ce is the chloride
concentration at equilibrium (mol/L). The fitting result of C-high is shown in Figure 12. KL
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was 36.16 L mol−1, and Qm was 155.88 mg g−1. The value of Qm was much higher than
that reported in most of the literature [22–24]. The comparison with the literature in terms
of Qm is shown in Table 2.
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Table 2. The comparison with the literature in terms of Qm.

LDH Qm (mg g−1) Literature

MgAl-LDH-NO3
− 155.88 Our work

MgAl-LDH-pAB 33.54 22
MgAl-LDH-NO3

− 107.00 23
MgAl-LDH-NO2

− 88.75 23
MgAl-LDH-NO3

− 111.29 24
CaAl-LDH-NO3

− 115.55 24
ZnAl-LDH-NO3

− 148.28 24

The LDH after anion exchange reaction in different NaCl solutions was characterized
by XRD in order to investigate the detailed chloride adsorption process and to provide an
explanation for the different chloride adsorption capacities of C-high and C-low shown
above. As can be seen from Figure 13a, the peak of the (003) plane appeared at 10.04◦,
10.11◦, 10.13◦, 10.73◦, 11.52◦, and 11.58◦ when the NaCl solution was 0.002, 0.005, 0.01, 0.02,
0.04, and 0.08 mol/L, respectively. With the right shift of 2θ degrees, the interlayer anions
changed from nitrates to chlorides gradually, indicating that more chlorides were loaded
in the LDH interlayer when the NaCl concentration increased. Therefore, the chloride
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adsorption amount increased as shown in Figure 11 and Table 2. The XRD result of C-low
after immersion in different NaCl solutions is shown in Figure 13b. It can be seen that the
(003) plane occurred at around 11.20◦, mainly corresponding to the intercalated carbonates
in the coprecipitation process. This verifies the explanation for the weak chloride adsorption
property of C-low stated above.
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for 24 h.

It should be noted that the adsorption of chlorides by LDH is mainly dependent on
the anion exchange reaction between the intercalated anion in the LDH gallery and the
aggressive chlorides in the environment, thus the propensity of the anion exchange reaction
has a dominant influence on the adsorption ability of chlorides. Based on our results, more
carbonates were intercalated in the LDH gallery of C-low than that of C-high, and they are
difficult to replace by chlorides due to their strong affinity with the interlayer; therefore,
C-low presented a much lower adsorption ability in comparison with C-high.

The FTIR characterization of C-high and C-low after immersion in various NaCl
solutions for 24 h was also carried out. The results are shown in Figure 14. In Figure 14a,
the two peaks corresponding to carbonates and nitrates appeared in the FTIR spectrum
of C-high. It can be seen that the peak corresponding to nitrates almost disappeared after
immersion in the 0.08 M NaCl solution for 24 h due to the almost complete anion exchange
reaction in the case of C-high, while the peak corresponding to carbonates in the FTIR
spectrum of C-low in Figure 14b did not change remarkably in various NaCl solutions due
to the difficulty of anion exchange reaction between carbonate ions in the LDH gallery and
the chlorides in the environment. This result is in perfect accordance with the XRD result
in Figure 13.
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4. Conclusions

In this work, MgAl-LDH intercalated with nitrates was prepared by coprecipitation.
The influence of the reactant concentration on the formation of LDH was investigated. The
following points of conclusions can be obtained:

(1) The change of reactant concentration hardly had an influence on the morphology
and size of the LDH platelets, while the pH difference caused by different metal
ion concentrations may have a remarkable effect on the intercalated anions. The
difference in reactant concentration resulted in the change of pH value of the reactant
solution. An obviously higher pH with a value of 12.7 in the case of C-low leads to the
intercalation of a larger number of carbonates, resulting in a lower chloride adsorption
capability due to the difficulty of anion exchange reaction. This finding emphasizes
the importance of pH value in LDH synthesis, which can be easily ignored when other
conditions were changed. pH should be controlled well during the LDH synthesis
process to guarantee the quality of the synthesized LDH. This result could provide
meaningful guidance into further preparation of MgAl-LDH.

(2) The sample of C-high presents superior chloride adsorption ability with a Qm value
of 155.88 mg g−1, which was much better than that reported in the literature. This
work is able to provide a solid foundation for the production of LDH with a strong
chloride adsorbing property and further industrial application in the field of corrosion
protection in the future.
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