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Abstract The passive film of reinforcing steel in
marine concrete is damaged by the infiltration of
chloride and sulfate ions. Layered double hydroxide
(LDH) can adsorb anions and release interlayer ions
to form passive films due to its ion exchange property.
A Mg-Al-NO; layered double hydroxide/montmoril-
lonite (LDH/Mnt) composite inhibitor was prepared
by layer-by-layer self-assembly (LBL) of LDH and
Mnt. The structure and morphology of the LDH/Mnt
composites were characterized by X-ray diffraction
(XRD), laser Raman spectroscopy, N,-adsorption/
desorption measurements, and transmission electron
microscopy (TEM). The LDH/Mnt composites, as
inhibitors of chloride ions and sulfate ions, exhibited
high slow-release efficiency. The mass ratio of LDH
and Mnt affected the curing capacity of the synthe-
sized composites, and the optimum mass ratio was
LDH/Mnt = 1:1 for which slow-release efficiency
reached 94.16%.
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Introduction

In recent years, as the development of global land
resources has become saturated, many countries have
focused on vast ocean resources (Geoffrey & Nicho-
las, 2008; Kim, 2009; Odeku, 2021). The exploita-
tion of ocean resources is based on the construction
of ocean engineering, and the role of marine concrete
is important in the process of ocean engineering con-
struction. The passive film on the surface of reinforc-
ing steel in concrete will be damaged in seawater and
sea sand environments due to the continuous infil-
tration of chloride ions and sulfate ions, leading to
severe corrosion (Wang et al., 2017; Machner et al.,
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2018). At the same time, the diffusion of carbon diox-
ide will reduce the pH of concrete pore solution (Tian
et al., 2019), resulting in further aggravation of rust.

A survey found that exposure to the oceanic atmos-
phere caused >40% of the buildings to be affected
in a coastal town near Valencia, Spain (Adam et al.,
2016). In the United States, where a large number of
bridges are made of concrete, 70,000 are structurally
deficient, and >15% are at risk of corrosion (Valdez
et al., 2016). The research on corrosion resistance of
marine concrete is important for the exploitation of
ocean resources.

Adsorption of corrosive anions is a solution for
adapting concrete to seawater and sand environments.
As an inhibitor, layered double hydroxide (LDH)
has garnered significant research attention due to its
excellent ion exchange properties (Wang & O’Hare,
2012; Zubair et al., 2017). LDHs are anionic clays
and their interlayer ions are connected to the lamellae
by weak hydrogen bonds (Rives & Angeles Ulibarri,
1999; Qiu et al., 2006; Ahmed & Gasser, 2012),
which other environmental anions can replace eas-
ily, e.g. chloride ions and sulfate ions (Acharya et al.,
2007; Daud et al., 2019; You et al., 2001). The key
parameters of LDH as an anionic inhibitor are the
surface charge, specific surface area, and pore-size
distribution, which determine the type of anions pre-
ferred for the adsorption/intercalation process. LDH
materials of lower surface charge density, but larger
pore sizes are good candidates for immobilizing and
delivering larger biomolecules (Varga et al., 2021).

The ion-exchange performance of LDH is affected
mainly by the potential difference between the inter-
layer anions and the environmental anions, and the
larger the difference, the better the exchange per-
formance of LDH. For different erosive environ-
mental ions, the interlayer anions of LDH should
be selected specifically (Wu et al., 2019). Owing to
the adjustability of its layered structure (Chen et al.,
2014) and exchangeability of interlayer ions, LDH
is a promising adsorption material (Das et al., 2007;
Guo et al., 2009). When LDH is used as a supplemen-
tary cementitious material for marine concrete, it can
adsorb corrosive anions through anion exchange and
enhance corrosion resistance (Chen et al., 2021; Mir
etal., 2021; Wang et al., 2021).

The corrosion resistance of LDH will be com-
promised if the corrosive anions combine with
heavy metal ions from the environment and form an
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electropositive complex. Hence, the problem caused
by heavy metal ions can be solved by coating nega-
tively charged calcium-based Mnt (Ca-Mnt) on the
surface of LDH sheets to construct the required com-
posite material (Bakr et al., 2018). Two-dimensional
layered materials (e.g. Mnt and LDH) are the most
widely chosen additives to improve the properties
of organic-inorganic composites due to the abun-
dant hydroxyl groups on the surfaces. The surface
hydroxyl groups are used to construct a hydrogen-
bond network between the hydroxide layers and the
organic guests, facilitating the fabrication of various
functional organic-inorganic composites (Tian et al.,
2018). In the case of LDH, the exchange between
interlayer anions and chloride ions is facilitated
only when the affinity between interlayer anions and
lamellae is lower than the affinity between lamellae
and chloride ions. Owing to the low affinity of chlo-
ride ions, the selection of the corrosion inhibitor
anion is greatly restricted. According to the previous
literature (Miyata, 1983; Roobottom et al., 1999; Wu
et al., 2019), nitrate ions render a smaller affinity than
chloride ions. LDH, loaded with nitrate (NO;-LDH),
is a promising candidate to be an inhibitor of chloride
ion corrosion.

On the basis of LDH-assisted anion regulation,
the negative charge characteristic of Mnt was used
to regulate the above-mentioned heavy metal ions.
While adsorbing the corrosion anions, calcium ions
were replaced between Mnt layers and nitrate ions
were replaced between LDH layers during the pro-
cess of curing corrosive substances, producing cal-
cium nitrate and forming a passive film on the surface
of the reinforced concrete and thereby increasing its
durability. The objective of the present study was to
combine the characteristics of LHD and Mnt to con-
struct and characterize an LDH/Mnt composite as a
corrosion-resistant inhibitor for concrete, with an eye
toward finding a solution to the problem of corrosion
of marine concrete.

Materials and Methods
Materials
All chemicals used in this work were of analytical

grade and used without further purification. Magne-
sium nitrate hexahydrate was obtained from BeiLian
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Chemical Co., Ltd (Tianjin, China). Aluminum nitrate
nonahydrate and sodium chloride were purchased
from ZhiYuan Chemical Co., Ltd (Tianjin, China).
Sodium hydroxide was supplied by AoPu Chemical
Co., Ltd (Wuhan, China). Anhydrous sodium sulfate
was brought from RuiJinTe Chemical Co., Ltd (Tian-
jin, China). Ca-Mnt was provided by TianYu Benton-
ite Technology Co., Ltd (Shanghai, China), separating
from the bentonite by centrifugation with a maximum
moisture content of 2% and a CEC of 0.93 meq/g. The
chemical composition of Ca-Mnt was supplied by the
producer TianYu Bentonite Technology Co., Ltd (Tian-
jin, China) (Table 1). Carbon dioxide-free water was
used in the aqueous solutions and in filtration.

Synthesis
Synthesis of Mg-Al-NO; LDH

The co-precipitation method was adopted to prepare
NO;-LDH because it exhibited a high anionic intercala-
tion rate due to the stable partial structure among vari-
ous preparation methods for LDH (Zuo et al., 2019).
Mg-Al-NO; LDH was prepared by the co-precipitation
method also. Solution A with 0.03 mol of magnesium
nitrate and 0.015 mol of aluminum nitrate in 50 mL of
carbon dioxide-free water and solution B with 0.09 mol
of sodium hydroxide in 50 mL of carbon dioxide free
water were dropped simultaneously into a 150 mL
three-necked flask using a 60 mL constant-pressure
separatory funnel under vigorous stirring and N, atmos-
phere. After the resulting suspension was stirred for
24 h at 500 rpm, the slurry was allowed to stand undis-
turbed until crystallization occurred, then it was filtered
and washed using carbon dioxide-free water. The filter
cake was dried for 24 h and ground into a powder.

Synthesis of LDH/Mnt composite
The self-assembly of LDH and Mnt, with dissimi-

lar layer charges, was carried out by the peeling
and assembling processes (Tonda et al., 2018). The

Table 1 Elemental analysis of the raw Ca-Mnt

Table 2 The characteristic surface properties of LDH, Mnt,
and LDH/Mnt composites

Materials Specific surface Pore diameter, Pore volume,
area D \%4
(m%/g) (nm) (cm®/g)
Mnt 63.40 8.65 0.14
LDH 89.64 27.40 0.63
LDH/Mnt-0.33 79.25 26.08 0.50
LDH/Mnt-0.5 76.69 23.50 0.48
LDH/Mnt-1 88.10 14.02 0.33
LDH/Mnt-2 66.96 14.08 0.25
LDH/Mnt-3 58.47 16.65 0.25

resulting LDH was mixed with Ca-Mnt in mass ratios
of LDH/Mnt = 1:0.33, 1:0.5, 1:1, 1:2, and 1:3. The
value of the Mnt in the mass ratio was taken as the
label, e.g. LDH/Mnt-0.33 is the compound with a
mass ratio of LDH:Mnt = 1:0.33; LDH/Mnt-0.5 is
the label for LDH:Mnt = 1:0.5, etc.

The powder mixture was added to a 500 mL flask
and 200 mL of carbon dioxide-free water was added
to the flask. The suspension was stirred for 24 h. After
the layers of LDH and Mnt were peeled, it was placed
in an ultrasonic cleaner and sonicated at 80°C for 5 h.
The ultrasonic solution was centrifuged for 5 min at
2248 g. The filter cake was dried for 24 h and ground
into powder. The particle size of the LDH/Mnt com-
posite inhibitor is shown in Table 2.

Characterization
X-ray diffraction (XRD) measurement

The structures of synthesized LDH and five LDH/
Mnt composite materials were characterized by XRD
analysis. The patterns were collected using a Bruker
D8 Advance powder X-ray diffractometer (Bruker
Co., Bremen, Germany) equipped with a CuKa radia-
tion source (A = 1.5406 A; 40 kV, 30 mA) from 3 to
70°20 at a scanning rate of 5°20/min.

Oxide content (mass %)

SiO, Al O, Fe,0; FeO MgO CaO Na,O K,O
Ca-Mnt 65.2-78.2 12.6-15.7 2.0-3.0 1.7 2.5 4.10 2.45 0.6
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Laser Raman spectroscopy measurement

The laser Raman spectra were recorded using an
Horiba JY LabRAM HR Evolution instrument
(Horiba Co., Kyoto, Japan). Raman scattering was
excited by a frequency-doubled Nd:YAG laser at
a wavelength of 532 nm with an incident power
of the laser on the sample of ~50 mW. The sam-
ple was scanned three times for 20 s. The laser
beam was focused on individual particles using a
100 x/0.50 NA microscope objective. For the cali-
bration procedure, the peak level of 520.7 nm was
calibrated with a silicon wafer.

N,-adsorption/desorption measurement

In order to confirm the pore-size distribution and
the surface areas of synthesized LDH and LDH/Mnt
composite materials, N, adsorption-desorption iso-
therms were determined at 77 K using a Micromerit-
ics ASAP 2460 instrument (Micromeritics Co., Nor-
cross, Georgia, USA). Degasification of samples was
performed before measurements for 12 h at 100°C
under vacuum (10-5 mm Hg).

Transmission electron microscope (TEM)
measurements

The morphologies of synthesized LDH and compos-
ite materials were examined using an FEI Tecnai G2
F20 S-Twin 200 kV field emission transmission elec-
tron microscope (FEI Co, Hillsboro, Oregon, USA).
The powder samples were placed in an ethanol solu-
tion and dispersed ultrasonically for 20 min. The
droplets were then dropped onto the copper film to
prepare the sample for testing.

Thermo-gravimetric analysis and differential
scanning calorimetry (TG-DSC) measurement

The TG-DSC analyses of LDH/Mnt composite mate-
rials were performed using a STA499F3 Jupiter
synchronous thermal analyzer (Netzsch Co., Selb,
Germany), heating from room temperature to 800°C
at a heating rate of 10°C/min in a nitrogen protected
atmosphere to ensure that mass loss was not affected
by air moisture.
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X-ray fluorescence (XRF) measurement

The elemental contents of the composite materials
LDH/Mnt-1 were determined using an S2RANGER
energy dispersive X-ray fluorescence (XRF) spec-
trometer (Bruker AXS Co., GmbH, Karlsruhe, Ger-
many), with grinding and pressing of the randomly
oriented sample powders to ensure uniform density
and smooth surface.

Equilibrium Isotherm of LDH/Mnt Composites

A series of sodium chloride and sodium sulfate
solutions with various concentrations (100, 200,
500, 800, 1000, 2500, and 5000 mg/L) was added
to 0.3 g of the composite sample (LDH/Mnt-1)
and stirred at room temperature for 6 h to achieve
adsorption equilibrium. The centrifugation was car-
ried out at 2248 x g for 5 min. The supernatant was
filtered through a 0.22 pm porous membrane. The
concentrations of chloride, sulfate, nitrate, and cal-
cium ions in the solution were determined by ion
chromatography (LC-20, Shimadzu Co., Kyoto,
Japan). The test was repeated three times, and after
data processing, the chloride and sulfate adsorption
equilibria were obtained. The loading capacity of
LDH for chloride was calculated using the follow-
ing equation:

.= (Co-C)V W
m

where ¢, is the adsorptive capacity of LDH/Mnt

composite at equilibrium (mg/g), V is the volume of

solution (L), C, and C, are the initial and equilib-

rium concentrations of chloride (mg/L), and m is the

weight of LDH (g).

The Langmuir and Freundlich models were used
to fit the equilibrium isotherm experimental data to
reflect the corrosion resistance of LDH/Mnt compos-
ites. The Langmuir model is based on the solute mon-
olayer adsorption and assumes that the surface of the
adsorbent is uniform. Hence, the interactions between
adsorbed particles are ignored. The adsorption for-
mula is as follows:

QKL Ce

q. = 1+—KLCe )
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where Q is the maximum adsorption capacity (mg/g)
of chloride ions and sulfate ions under monolayer
covering, K; is the related Langmuir constant (L/
mg), and C, is the equilibrium concentration (mg/L)
of chloride or sulfate in aqueous solution (Ai et al.,
2011; Xu et al., 2017). The Freundlich model is used
as an empirical formula to describe adsorption behav-
ior on an heterogeneous surface, and its equation is
expressed as follows (Lv et al., 2006):

q.=KgC; (3)

where K and n are Freundlich constants related to
temperature. The value of n reflects the linearity of
Freundlich model.

Corrosion Resistance Analysis of LDH/Mnt
Composites on Carbon Steel in SSCP Solution

Electrochemical measurement

In order to simulate the permeability of chloride and
diffusion of carbon dioxide in the concrete pores, the
current work applied the simulated concrete carbon-
ated pore (SCCP) solution with the following prepa-
ration method: an excess amount of calcium hydrox-
ide (5 g) was added to deionized water (500 mL)
and the saturated calcium hydroxide solution was
obtained after precipitation for 24 h. An appropriate
amount of 3 wt.% sodium bicarbonate solution was
used to adjust the pH to 11.0 and the filtrate was the
SCCP solution.

A three-electrode setup was used in electrochemi-
cal analysis. The working electrode was carbon steel
with a size of ®8 mmx10 mm, the reference elec-
trode was a saturated calomel electrode (SCE), and
the counter electrode was a platinum sheet. Carbon
steel was polished with ~400-2000 grade sandpa-
per and cleaned ultrasonically with acetone before
the tests. One end of the working electrode was con-
nected to a copper wire, and the other parts were
sealed with epoxy resin except for the working sur-
face of 0.5 cm?. Sodium chloride of 0.3 mol/L, close
to the sea water chlorinity of 20,000 ppm, was added
to the SCCP solution to simulate chloride contamina-
tions. Five types of LDH/Mnt composites were added
at a concentration of 15 g/L.

The electrochemical measurements were carried
out using a CH1760E electrochemical workstation
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at room temperature. The electrochemical imped-
ance spectroscopy (EIS) was performed at the open-
circuit potential (OCP) with a stable open-circuit
potential. The vibration frequency was 100 Hz and
the AC amplitude was 10 mV. After repeating the
test three times and averaging, the EIS data were
analyzed using the ZView 3.1 software (Zuo et al.,
2019).

Fourier-transform infrared spectroscopy (FTIR)
measurements

After the equilibrium isotherm experiment, sodium
chloride and sodium sulfate, with initial concen-
trations of 500 mg/L and 5000 mg/L, respectively,
were selected for comparison. The solid-liquid mix-
ture was centrifuged and dried; FTIR spectroscopy
(Nicolet iS5 FTIR spectrometer (Thermo Fisher
Scientific Co., Waltham, Massachusetts, USA)) was
used to analyze the changes in functional groups
after ion exchange of composite materials. The
samples were embedded in KBr disks (at a 100:1
KBr:sample ratio) and the transmittance spectra
were recorded over the frequency range 4000-400
cm™! and a resolution of 4 cm™'.

Analysis of the formation of passive film

In order to investigate the effect of LDH/Mnt com-
posites on the formation of a surface passive film, a
steel bar (¢ 8 mmx10 mm) was placed in 100 mL
of SCCP solution and sodium chloride was added
to it. The concentration of LDH/Mnt-1 was 1 g/L.
A solid material was generated on the surface
of the steel bar by using the bar to stir the SCCP
solution continuously. The surface products (pas-
sive film) after anionic erosion were tested using
the aforementioned FEI-TEM instrument and a
Thermo Fisher Scientific K-Alpha XPS instrument
(Thermo Fisher Scientific Co., Waltham, Massa-
chusetts, USA). With an AlKa radiation source, the
test energy was 1486.8 eV, the test spot area was
30-500 pm, the test tube voltage was 15 kV, and the
tube current 10 mA. The background vacuum in the
sample chamber was 2x10~° mbar, and the presence
or absence of iron, calcium, and oxygen in the sam-
ples was noted.
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Results and Discussion
Characterization
XRD analysis

The XRD patterns of NO;-LDH (Fig. 1) exhibited
the characteristic reflection peaks of LDH at 11.52
and 23.40°26, corresponding to the (003) and (006)
reflection planes, respectively (Gomes et al., 2020).
According to Bragg’s equation, the dy; spacing of
LDH was calculated to be 0.7629 nm, which is in
good agreement with previous reports (0.78 nm,
Zhang et al., 2017). The characteristic reflection
peaks of LDH and the characteristic (001) reflec-
tion peak of Mnt (dy,, = 1.46 nm) were observed
in all composites, and the degree of crystallinity
could be seen from the sharpness of the reflec-
tion peaks; it changed with different mass ratios of
LDH/Mnt. When the mass ratio of LDH/Mnt was
1:1 or 1:2, the composite crystallized well. Both
LDH and Mnt remained in their crystalline states in
all composites. Compared with the XRD patterns
of LDH and Mnt alone, the lesser intensity of the
composites was caused by the mixture of the two.
The position of the characteristic reflection peak of
LDH shifted to the left (to ~10.82°20) in the syn-
thesized intercalated composite, indicating that the
interplanar spacing of the LDH/Mnt composites
increases due to the self-assembly of LDH and Mnt

1
1 [—|
| /d—0,77 nm
\‘:\f—//\\,iff/xk, S ,/\7/\—\/'—771‘ RHf - R
M\
TN e ] LDH/Mnt-3
i\ - T
> [P\ . LDHMm2
& . d=0.41 nm
2 , - LDH/Mnt-1
1
| LDH/Mnt-0.5
1
X LDH/Mnt-0.33
I\ d=1.46 nm
: Mnt
1 1 1 1 1 1 1

10 20 30 40 50 60 70
°20

Fig. 1 XRD patterns of LDH, Mnt, and LDH/Mnt composite
materials with various mass ratios of Mnt (LDH/Mnt-0.33,
LDH/Mnt-0.5, LDH/Mnt-1, LDH/Mnt-2, LDH/Mnt-3)
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(Bakr et al., 2016). In addition, the characteristic
peak of LDH/Mnt-1 (~21.65°20) corresponded to
the later analysis of TEM images. The composi-
tion of LDH and Mnt was not a regular layer-by-
layer assembly but a random assembly. However,
the LDH/Mnt composites in the present work were
used mainly to provide their interlayer ions, so ran-
dom assembly of layers had no effect on the ion-
exchange property.

Laser Raman spectroscopy analysis

In the Raman spectrum of LDH (Fig. 2), the char-
acteristic peak of nitrate in the triclinic system
occurred at 1048 cm™!, while in the composites, the
characteristic peak of nitrate in the rhombic crystal
system at 1066 cm™' could be seen (Jentzsch et al.,
2013), indicating that NO;-LDH was prepared suc-
cessfully. In the Raman spectrum of Mnt, the strong-
est bands occurred at 147 cm™!, which was also
reflected in all the composite material samples. The
occurrence of this characteristic peak was attributed
to the vibrations of the distorted MO, octahedron
with S symmetry where M is the octahedral cation
(Frost & Rintoul, 1996). Other weaker bands were
observed at 262 and 702 cm™'. The former is attrib-
uted to the vibrations of the H-O-H triangle of C,y
symmetry and the latter to the v,(a;) mode of the
Si0, tetrahedra (Vaculikova et al., 2019).

1066 | | 1048 nitrate |702H-0-H  H-O-H262 | 147,
Y LDH A M
11 R

1 I

t +

1 I

'h  LDH/Mnt-0.33 /? !
'l 1 I I

1 1 I
1 1 I I
Al - 1 1 1
\/\"“ LDH/Mnt-0.5 . . X
1
1
1

] I
I I
I LDH/Mnt-1 I I
] 1
1 I I
: : LDH/Mnt-2 ! ! :

Raman intensity

1
1 LDH/Mnt-3 ! 1 1
1

R o

[N | W | 1 | |

1200 1000 800 600 400 200

Wavenumber (cm™)

Fig.2 Laser Raman spectra of LDH, Mnt, and LDH/Mnt
composite materials
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Fig. 3 N,-adsorption/desorption isotherms of NO;-LDH, Mnt,
and LDH/Mnt composite materials

N,-adsorption/desorption analysis

The N,-adsorption/desorption isotherms of the
NO;-LDH, Mnt, and LDH/Mnt composites (Fig. 3)
revealed that all the samples belonged to type IV
adsorption according to the IUPAC classification,
which meant the NO;-LDH, Mnt, and LDH/Mnt
composites belonged to a mesoporous-type mate-
rial characterized by a H;-type hysteresis loop (Sing,
1985, 1989). The mesoporous type indicated the pres-
ence of aggregates of plate-like particles giving rise
to slit-shaped pores with non-uniform size and shape
(Lecloux & Pirard, 1979). The isotherm showed that
the more LDH components in the composite, the
larger the pore volume and BET specific surface area.
The pore-size distribution of the NO,-LDH, Mnt, and
LDH/Mnt composites were calculated from Barrett-
Joyner-Halenda (BJH) methods (Fig. 4). The BJH
pore-size is calculated as follows:

V=§TCI’3N /Av 4)

where V is the pore volume, r is the pore size, N is
the number of adsorbent molecules, A is Avogadro
constant, and v is the molecular volume of adsor-
bent. Due to the large range of pore-size distribu-
tion, logarithmic coordinates were used for analysis,
where dV/dlog(d) represented the pore volume. The
surface areas of the NO,-LDH, Mnt, and LDH/Mnt
composites were calculated from Brunauer-Emmett-
Teller (BET) methods (Table. 2). The data obtained
from BJH indicated that the mean pore size of the
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Fig. 4 Barrett-Joyner-Halenda pore-size distributions for
NO;-LDH, Mnt, and LDH/Mnt composite materials

samples was fitted well to the size range of layered
materials and revealed that the pore-size distribu-
tion of the LDH was much wider than that of Mnt.
However, these large pores disappeared, and the pores
were highly uniform after formation of the composite.

TEM analysis

The microstructure of synthesized LDH and LDH/
Mnt-1 composite (Fig. 5) revealed that LDH pos-
sesses a polygonal lamellar structure (Fig. 5a). The
lamellar size was relatively uniform, compact stack-
ing was irregular, and intergranular spacing was
small, because of preparation under a saturated
sodium hydroxide solution, where LDH nucleated
rapidly and particles grew rapidly. Meanwhile, some
LDH lamellae grew crosswise under the condition
of weak interactions, forming support structures to
improve agglomeration, which was conducive to the
stability of layered structures (Adachi-Pagano et al.,
2003). In Fig. 5b with greater magnification, the lat-
tice fringe spacing of LDH was determined to be
0.21 nm, corresponding to the peak position (006)
in the XRD pattern. After composite formation,
the lamellar structure of Mnt and LDH flakes were
observed (Fig. 5¢) on the surface and the interlayer
structure became loose and dispersed due to the self-
assembly of LDH and Mnt layers (Dong et al., 2013).
The lattice fringe spacing (0.41 nm) of the new layer
structure occurred in the image of the composite
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Fig. 5 TEM images of a,b LDH and ¢,d LDH/Mnt-1

sample LDH/Mnt-1 (Fig. 5d), corresponding to the
characteristic peak of LDH/Mnt-1 (21.65°26) in the
XRD pattern.

TG-DSC analysis

The combined thermogravimetry and differential
scanning calorimetry behavior of LDH/Mnt com-
posites were investigated by TG-DSC tests (Fig. 6).
Two important weight-loss stages appeared on
the TG curves of all samples (Fig. 6a). The mass
decline in the first stage was caused mainly by the
desorption of surface-adsorbed water and loss of
interlayer bound water, corresponding to the wide
endothermic valley at ~200C on the DSC curve
(Fig. 6b), which was consistent with the commonly
known thermal characteristics of LDH (Kanezaki,
1998). According to the calculation, the mass loss
of five groups of samples during the first stage was
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~10%. Among them were two small thermal val-
leys in the TG curve of LDH/Mnt-3, i.e. at 210
and 144°C, representing the thermal character-
istics of Mnt (Lv et al., 2015) and corresponding
to the removal of interlayer water and adsorbed
water. When the proportion of LDH in the compos-
ite increased, the proportion of Mnt decreased and
the small endothermic peak near 144°C decreased
gradually and finally disappeared. In the second
weight-loss stage, mainly at ~240-480°C, the
hydroxyl groups were removed from the hydrox-
ide layer of the LDH, along with removal of the
intercalated nitrate ions. The mass loss of LDH/
Mnt-0.33, LDH/Mnt-0.5, LDH/Mnt-1, LDH/Mnt-
2, and LDH/Mnt-3 during the second stage was
17, 12, 11, 8, and 5.53%, respectively. When the
proportion of LDH in the complex increased, the
mass loss during the second stage also increased
due to the decomposition of nitrate ions. The mass
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proportion of LDH was calculated as 74.12, 62.11,
46.13, 32.92, and 22.84%, respectively, which is
consistent with the theoretical proportion. Moreo-
ver, the removal of hydroxyl groups from Mnt
lamellae generally occurs in the temperature range
of 600-700°C, showing slight fluctuations in the
curve (Zou et al., 2020). At >600°C, the residual
nitrate ions between the layers of NO;-LDH con-
tinued to decompose and MgAl,O, started to
crystallize (Wu et al., 2019). At ~800-953°C, the
structure of Mnt disintegrated, the lattice was com-
pletely destroyed, and an amorphous structure was
formed.

Table 3 Elemental analysis of LDH/Mnt-1

XRF analysis

According to previous literature (Yusuf et al., 2021),
the structural formula of LDH is Mg, >*Al **(OH),
(NOy),,mH,0 and the structural formula of Mnt is
E(Al, Mg ), {p[Si,0,0]}(OH),"4H,0. The observed
fractions of Mg and Al in the octahedral sheet were
Mg/(Mg+Al) = 83.60% and Al/(Mg+Al) = 16.40%
(Table 3). Plugging the ratio into the structural for-
mula for LDH and Mnt resulted in x=0.328, so the
stoichiometries of Mg and Al in 100g LDH/Mnt-1 in
the Mnt structural formula were, therefore, 1.672 and
0.328 mol, respectively. Based on the mass ratio of
Fe,03, Ca0, Na,O and K,O and their relative molecu-
lar mass, The exchangable cation content, E (Fe, Ca,
Na, K), was a total of 0.0652 mol in 100g LDH/Mnt-
1. As E, was supplied entirely by Mnt, the amount of
Mnt was 0.39 mol. The relative fraction of Si in the
Mnt, p, was calculated from the stoichiometry of Si
and based on the amount of Mnt, resulting in a value
of 2.37. After the removal of Mg and Al from Mnt,
the amounts of Mg and Al in the complex were 0.2576
and 0.051 mol, respectively. According to the propor-
tions, Mg/(Mg+Al) = 83.47% and Al/(Mg+Al) =
16.53%, therefore, the amounts of Mg and Al in the
structural formula of LDH were 0.836 and 0.164 mol,
respectively, where the amount of LDH was calculated
to be 0.31 mol. m generally decreased with increase
in x, showing a relationship of m = 0.8 — x. Hence, m
= 0.636 in LDH/Mnt-1. Therefore, the molar ratio of
LDH/Mnt-1 was 0.31/0.39. The formula of NO;-LDH
was Mg g362 Al 160> F(OH),(NO3 ) 164°0.636H,0
and the formula of Mnt was (Fe,Ca,Na,K), ¢7,(Alj 35,
Mg, ¢72)2°12.37[Si,0,4]1}(OH), 4H,0.

Equilibrium Isotherm of LDH/Mnt Composites

LDH/Mnt-1 was selected for adsorption experiments.
The adsorption characteristics and mechanism of
LDH/Mnt-1 on corrosive ions under various environ-
mental conditions were investigated, and the equilib-
rium results from ion chromatography were plotted

Element Si Mg Al Fe Ca Na K

Mass (g) 39.62 26.10 2591 3.61 2.18 1.40 0.70

% 39.81 26.23 26.03 3.63 2.19 1.41 0.70
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Fig. 7 Equilibrium isotherms of chloride and sulfate adsorp-
tion on LDH/Mnt-1

(Fig. 7, Table 4). The maximum adsorption capacity
with respect to chloride and sulfate ions, according
to the Langmuir model, was 206.89 and 79.69 mg/L,
respectively. These values are greater than the value
of 50 mg/L reported previously for both (Cao et al.,
2017).

The parameters of the Langmuir and Freundlich
equations (Table 5) revealed the adsorption behavior
of chloride and sulfate ions on LDH/Mnt-1 and the
mechanism of solute—surface interaction. The cor-
relation coefficients of Langmuir isotherms and Fre-
undlich isotherms were 0.9998 and 0.9997, indicat-
ing that the correlation coefficient between the two
was close. According to the fitting curve in Fig. 7,
it was considered that Langmuir isotherms fitted
more closely with the experimental data and were

consistent with the data reported from other studies
(Javadian et al., 2013; Xu et al., 2017). This may be
due to the fact that LDH interlayer ions are connected
to the lamellae by weak hydrogen bonds; because of
the positive charge remaining in the host layer, ani-
ons were adsorbed into the interlayer to maintain
electrical neutrality. Therefore, only one ion could
be immobilized per adsorption site, which was equal
to the adsorption which occurred on a homogeneous
surface. The nonlinear coefficient (n) of the Freun-
dlich model ranged from 0.5 to 2 during chloride (n =
1.0331) and sulfate (n = 0.7994) adsorption, respec-
tively, which was relatively small and indicated that
adsorption occured easily.

(level2)Corrosion Resistance Mechanism of LDH/
Mnt Composites on Carbon Steel in SSCP solution

Electrochemical analysis

EIS was carried out to explore the corrosion resist-
ance behavior and mechanism of the self-assembled
LDH/Mnt composites, including the Nyquist and
Bode plots of carbon steel soaked in SCCP solution
with and without LDH/Mnt composites (Fig. 8). The
fitting parameters are summarized in Table 6.

The impedance spectrum of the control solution
(Fig. 8a) consisted of a small, high-frequency capaci-
tive ring and a low-frequency Warburg impedance,
indicating corrosion of the carbon steel surface. After
the addition of the LDH/Mnt composite, the War-
burg impedance disappeared from the Nyquist plots
and only the capacitive ring remained visible. The
diameter of the capacitive ring increased significantly
and the maximum phase angle became larger and
wider, indicating that the LDH/Mnt composite greatly

Table 4 Anion concentrations of LDH/Mnt-1 after stirring in the solution of chloride and sulfate

Initial anion NaCl environment

Na,SO, environment

Initial concentrations error (mg/L)

concentrations

(me/L) ol NO;” Ca’t S02 NO;” Ca**
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)

100 6.39 0.06 46.57 8.72 0.11 5.99 0.27
200 10.76 0.24 8.72 12.92 0.15 7.84 0.31
500 31.00 0.21 8.78 29.20 0.12 8.95 0.25
800 44.99 0.28 9.20 38.42 0.19 12.69 0.38
1000 60.34 0.21 8.54 52.09 0.13 10.41 0.26
2500 166.02 0.34 11.12 80.37 0.27 17.83 0.45
5000 221.14 0.36 14.71 83.24 0.28 28.16 0.61
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Table 5 Langmuir and Freundlich parameters for the chloride and sulfate adsorption isotherms of LDH/Mnt-1

Model Langmuir Freundlich

LDH/Mnt-1 0 K, R? Kr n R?
(mg/g) (L/mg)

Cr 344.83 0.0003 0.9998 0.0783 1.0331 0.4977

SO, 76.36 0.0025 0.9997 0.3117 0.7994 0.5141

improved the impedance of carbon steel. The occur-
rence of disposable time constants (only one capaci-
tive reactance arc) in the Bode diagram (Fig. 8b) was
attributed to the formation of a passive film on the
surface of carbon steel (Wang et al., 2014). At this
time, the high polarization resistance in the SCCP
solution indicated that the carbon steel electrode was

is the index of CPE. The value of u is related to the
uniformity of the carbon steel surface, and the larger
the value of u, the better the uniformity. The behav-
ior of CPE depends on the value of index u, and the
modified Cg for its actual capacity value is calculated
as follows:

u—1
completely passivated. The diameter of the capacitive Ca=Yy (a)max) (7N
ring followed the order: LDH/Mnt-2 > LDH/Mnt-1 ) ) ) )
where o,,, is the frequency at which the imaginary

> LDH/Mnt-0.5 > LDH/Mnt-3 > LDH/Mnt-0.33,
which was consistent with the trend of corrosion
resistance. LDH/Mnt-1 and LDH/Mnt-2 rendered the
optimal corrosion resistance, protecting the steel bar
from corrosion caused by chloride ions.

To demonstrate the desirable correspondence
between elements of a circuit and physical processes
(David & Driessche, 2011), the electrochemically
equivalent circuits (Fig. 9) were used to fit the EIS
data, where R, represents the ohm resistance between
the working electrode and the reference electrode, R,
denotes the interfacial charge conversion resistance,
and W denotes the Warburg impedance. The total
resistance of the circuit can be expressed as the fol-
lowing formula (Javadian et al., 2013):

R,+W

Z=Rg+— . 5
ST 1500 Zep WH(0) ZeppRoy ©)

Due to charge transfer, R, is an important param-
eter to judge the impedance of the carbon steel. The
higher value of R, corresponded to the greater imped-
ance. The constant phase element (CPE) was used
widely to explain the deviation caused by the surface
roughness, and its impedance can be expressed as the
following formula (Javadian et al., 2013; Ryu et al.,
2017):

Zepg = |Yo(jo)"| - (6)

where Y, represents the size of CPE, the angular fre-
quency, for j2> = —1, j is an imaginary number, and u
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Fig. 8 The a Nyquist plots and b Bode plots of carbon steel
soaked in SCCP solution with and without NO;-LDH, Mnt,
and LDH/Mnt composite materials added after immersion
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Table 6 The fitting parameters obtained from EIS with various LDH/Mnt composite materials in SCCP solution
Samples R, CPE R %
(W cm?) (W-cm?)

Y, u

(107 S'cm™%sY)
R (control group) 20.78 138.20 0.7755 71.53 -
LDH 16.93 422.50 1.0219 959.65 92.55
Mnt 14.57 688.39 0.4979 221.00 67.63
LDH/Mnt-0.33 17.35 274.50 0.7995 948.10 92.46
LDH/Mnt-0.5 19.21 259.61 0.8047 1053.84 93.21
LDH/Mnt-1 19.34 262.75 0.8014 1224.04 94.16
LDH/Mnt-2 17.95 252.96 0.8060 1269.24 94.36
LDH/Mnt-3 18.10 309.67 0.7826 1039.45 93.12

value. Corrosion inhibition efficiency, n%, is calcu-
lated according to the following formula (Cao et al.,
2017; Javadian et al., 2017):

R, —R
C‘R—O x 100% (8)

ct

n% =

In the formula, R, and R represent the inter-
face charge conversion resistance of carbon steel
in SCCP solution before and after adding the com-
posite, respectively. The R, reflected the corrosion
inhibition effect of the passive film on the carbon
steel surface before and after the action of compos-
ite material. The larger R, corresponded to better
corrosion resistance and greater corrosion inhibi-
tion efficiency (n%).

According to the fitting parameters, the R, value
of the carbon steel electrode increased after the
addition of LDH/Mnt composite. The R, values of
LDH/Mnt-1 and LDH/Mnt-2 reached 1224.04 and
1269.24 W-cm?, respectively, and the correspond-
ing corrosion inhibition efficiency was found to
be 94.16 and 94.36%. The u value of LDH/Mnt-2
reached its maximum of 0.8060 and the electrode
surface became dense and uniform. Y, reached a
minimum value of 252.96x10> S-cm™%s". Owing
to the addition of composites, LDH released the
interlayer anions, and calcium cations were replaced
by Mnt. When the passive film on the steel surface
was subjected to corrosion, the active adsorption
of chloride was generated to form a calcium nitrate
passive film, forming an active anti-corrosion sys-
tem and improving the corrosion resistance. In addi-
tion, although the corrosion inhibition efficiency
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of LDH/Mnt-1 was slightly less than that of LDH/
Mnt-2, its nitrate content was also 1% less than that
of LDH/Mnt-2 according to the result of TG-DSC,
so the overall corrosion inhibition performance of
LDH/Mnt-1 was outstanding.

CPE
| |
| |
R —
Rct
(a)
CPE
||
||
R, —
Rct — W —

(b)

Fig. 9 Electrochemical equivalent circuits used to fit the EIS
results in SCCP solution for a general semicircle and b War-
burg type


https://doi.org/10.1007/s42860-023-00252-6

Clays Clay Miner.

5000 mg/L SO,*
500 mg/L SO,*

5000 mg/L CI

Transmittance

500 mg/L CI

1384 1033

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 10 FTIR spectra of LDH/Mnt-1 after stirring in C1”~ and
S0,> solutions

FTIR analysis

The FTIR spectra of the precipitates after ion
exchange of LDH/Mnt-1 with chloride and sulfate
(Fig. 10) demonstrated that the characteristic peaks
of the complex sample did not change. However, the
intensity of characteristic peaks of nitrate decreased
significantly with the increase in adsorbent concentra-
tion. The concentration of nitrate ions between LDH
layers decreased after the adsorption experiment.

Analysis of the formation of passive film

After the passive film was formed on the surface of
the steel bar, three layers were observed in the TEM
image of the cross-sectional sample (Fig. 11), includ-
ing an electron beam, a passive film, and the steel bar
(Ohet al., 2014). In particular, the thickness of the
second layer or the passive film was ~2.31 nm. The
high-resolution X-ray photoelectron spectra (XPS) of
Ca 2p and O 1s (Fig. 12a) revealed that the positions
located at 351.73 and 348.23 eV correspond to char-
acteristic peaks at Ca 2p,,, and Ca 2p,),, respectively
(Haber et al., 1976; Christie et al., 1983). The O 1s
peak in the high-resolution XPS spectra (Fig. 12b)
was used to confirm the existence of calcium ions in
the form of calcium nitrate. The two dominant O 1s
peaks were from calcium nitrate (533.60 eV) and fer-
ric oxide (529.50 eV) (Demri & Muster, 1995). The
iron oxide component of the steel bar was mixed in

https://doi.org/10.1007/s42860-023-00252-6 Published online by Cambridge University Press

Fig. 11 TEM image of a cross-section of the steel bar after the
passive film had formed

when the surface passivation film was scraped off,
but it was not a product of the experiment. The above
results showed that the passive film (Fig. 11) gener-
ated on the surface is calcium nitrate.

Synthesis Cost

To prepare an LDH/Mnt composite of 1 g, 2.97 g of
magnesium nitrate, 2.13 g of aluminum nitrate, 2.40 g
of sodium hydroxide, and 1.33 g of Ca-Mnt were
required. The cost of the composite per gram was cal-
culated on the basis of prices of the chemicals from
corresponding companies (Table 7). The final mate-
rial cost was ~US$3.32/g. Taking into account the
costs of manufacturing and shipment, the overall cost
may reach US$60/g, which is comparable with the
cost of commercially available inhibitors.

Summary and Conclusions

The LDH/Mnt composites were synthesized success-
fully by LBL technology for protecting reinforced
concrete structures. The XRD patterns revealed that
the characteristic peaks of both LDH and Mnt existed
in the composites, confirming the presence of both
components. Two major stages of weight loss were
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Fig. 12 XPS spectra of the surface product covering the steel
bar in SCCP solution with LDH/Mnt-1 after immersion

observed in TG-DSC curves and the weight loss of
LDH/Mnt-3 in the second stage was greatest. A prelim-
inary conclusion by the present authors was that LDH/
Mnt-3 had the greatest rate of anion intercalation.

Table 7 Cost analysis of the LDH/Mnt composite prepared
with the unit price of the raw materials used

Raw materials Unit price  Material Price (US$/g)
(US$/g) required (g)

Magnesium nitrate  0.01 2.97 0.03

Aluminum nitrate ~ 0.01 2.13 0.02

Sodium hydroxide  0.01 2.40 0.02

Ca-Mnt 2.44 1.33 3.25

Total - - 3.32
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Analysis of the equilibrium adsorption isotherms
revealed that the Langmuir model was more suit-
able for the experimental data than the Freundlich
model, demonstrating that only one ion can be
immobilized per adsorption site, which is equal to
the adsorption which occurred on the homogene-
ous surface. The maximum adsorption capacities
of chloride and sulfate ions using the Langmuir
isotherm model were 206.89 and 79.69 mg/L. The
adsorption capacity is greater than the value quoted
in previous literature (both 50 mg/L).

The EIS analysis confirmed that the addition of
LDH/Mnt increased the R, value significantly, and
the rust inhibition efficiency values of LDH/Mnt-
0.33, LDH/Mnt-0.5, LDH/Mnt-1, LDH/Mnt-2, and
LDH/Mnt-3 were 92.46, 93.21, 94.16, 94.36, and
93.12%, respectively. Among them, the rust inhibi-
tion efficiency performance of LDH/Mt-3 was poor
due to the large Mnt content. The rust inhibition
efficiency of conventional measures was generally
~85%, and that of all composites was greater than
this. LDH/Mnt-1 rendered the optimal protection
effect due to high rust inhibition efficiency. The
XPS analysis showed that the LDH/Mnt-1 caused a
passive calcium nitrate film to form on the surface
of the steel bar.

The LDH/Mnt composite is a very efficient corro-
sion inhibitor, showing promise in the areas of con-
crete structures and marine engineering. The chloride
ions are adsorbed by LDH and sequestered, whereas
nitrate ions are released and combined with calcium
ions, which are released by Mnt, to form a passive
film. Throughout the process above, the LDH/Mnt
composite can control the concentration of anions in
seawater and sea sand environments, thus improving
the rust inhibition of marine concrete.
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