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Abstract This study reports the development of
anticorrosive bilayer coatings consisting of in situ
grown layered double hydroxides (LDH) covered with
a polyurethane layer on a steel substrate. This design
aims at providing corrosion protection via the con-
trolled release of gluconate from LDH near the
substrate, while at the same time contributing to the
improvement of the polyurethane layer coating adhe-
sion. The CaAl-LDH thin film was initially grown
directly on AISI 1080/1010 carbon steel and modified
with environmentally friendly gluconate molecules
through an ion-exchange reaction. The effect of
polyurethane treatments on the LDHs thin film was
systematically explored: gluconate is either interca-
lated in LDHs or dispersed in polyurethane coatings,
and the two systems are studied to understand the role
of inhibitors in bilayer coating systems at defined
conditions. The structural characteristics of the devel-
oped coatings were evaluated by scanning electro-
chemical microscopy (SEM), X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (ATR-FTIR),
and glow discharge optical microscopy (GDOES). The

findings of electrochemical impedance spectroscopy
(EIS) measurements on coated carbon steel substrates
in NaCl solution demonstrated the significance of the
bilayer film design for long-term corrosion protection,
by combining active corrosion protection provided by
the LDH conversion film with the passive barrier effect
against electrolyte species rendered by the organic
polyurethane layer. Additionally, improving the poly-
urethane coating’s wet adhesion to the substrate when
applied onto CaAl-LDH opens new directions toward
the co-development of surface treatments with organic
coatings.

Keywords CaAl-LDH, Gluconate corrosion
inhibitor, Organic coating, Electrochemical impedance
spectroscopy

Introduction

Steel is a structural material used worldwide in various
industrial fields, from building constructions to off-
shore platforms and the vehicle industry. However,
when exposed to an aggressive environment, steel
becomes susceptible to corrosion.1–4

A wide range of strategies can be employed to
protect metals against corrosion, from corrosion
inhibitors to cathodic and/or anodic protection, and
the application of organic protective coatings. The
latter is one of the most general and cost-effective
measures to avoid the degradation of active metals by
corrosion.5–9 However, even when organic coatings are
used, water, ions, and oxygen can penetrate the organic
coating through pores, cracks, and other defects that
may form during exposure, enabling conductive path-
ways of electrolyte species toward the metal/coating
interface and leading to corrosion onset.10,11

As a result, there is a need to impart active corrosion
protection functionality to the organic coating by
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incorporating corrosion inhibitors. This can be simply
achieved by directly adding corrosion inhibitors in the
organic coating systems.12–15 Nonetheless, the direct
addition of corrosion inhibitors encloses various dis-
advantages: it may lead to the spontaneous leaching of
species, limiting the long-term protection, and corro-
sion inhibitors may detrimentally interact with the
coating matrix, decreasing its overall performance.16

On the other hand, the development and incorporation
of micro/nanocontainers carrying inhibitors into the
organic coating matrix have become a widely accepted
alternative to the direct addition of inhibitors, as these
reservoirs are designed to store and release the
corrosion inhibitors in a controlled manner.17–21

One class of materials studied considerably as
nanocontainers for corrosion protection in the last
two decades is the layered double hydroxide (LDH).22–26

LDH-based nanocontainers are regarded as one of the
most promising systems for the development of smart
coating systems due to their distinct lamellar structure,
ion-exchange behavior, memory effect, and self-heal-
ing properties. Indeed, LDH can be produced as
colloidal particles in different physical states (e.g., as
powder or paste) and directly added as a functional
nanoadditive pigment to organic coatings. Alterna-
tively, they may be grown in situ on the metal substrate
as a conversion layer via electrochemical or hydrother-
mal treatments27,28 or deposited as an inorganic film
using different techniques such as electrophoretic
deposition or spin coating.29 So far, most research of
in situ grown LDH films is mainly focused on light
metal alloys, mainly because the type of metal cations
provided by these substrates give rise to stable well-
known LDH conversion films (e.g., Mg-Al, Zn-Al
LDH). Tabish et al. reported the development of
CaAl-LDH intercalated with 2-mercaptobenzothiazole
(MBT) and incorporated them at different concentra-
tions in organic coatings as a pigment to enhance the
corrosion protection of steel.30 Holzner et al.31 inves-
tigated the mechanism and kinetics of MgAl-LDH
conversion layer formation on ZM-coated steel and
reported the influence of the LDH conversion layer on
the corrosion resistance of ZM-coated steel. Dong
et al. investigated the growth mechanism of Co-Al-
LDH film grown in situ on a steel substrate and
demonstrated an increase in the corrosion resistance of
steel.32 Hydrocalumite minerals have corrugated bru-
cite-like layers with Ca2+ and Al3+ ions arranged seven-
and six-coordinated in a 2:1 ratio, respectively. In this
study, Ca2+ and Al3+ were used as divalent and
trivalent cations to synthesize Ca-Al-LDH on a steel
substrate. Conversely, the investigation of LDH devel-
oped in situ on carbon steel and its relationship with
organic coating systems is a topic worth discussing,
particularly the role of inhibitors in the bilayer system.
It is uncertain how corrosion inhibitors, whether
directly incorporated in the organic coating or inter-

calated in the LDHs, contribute to enhancing the
ability of a bilayer coating approach for the protection
of carbon steel. Furthermore, the wet adhesion prop-
erties of organic coatings, when in contact with
corrosive solutions are unreliable, which can impact
long-term corrosion resistance. The role of in situ
developed LDH films on carbon steel, as well as their
interaction with organic coating systems, must be
investigated in order to address issues of wet adhesion
loss and overall system stability, where the organic
coating when in contact with a high surface roughness
LDH thin film, soaks into its nanosheet and provides
better adhesion properties to the substrate.

Therefore, this work describes the development of
CaAl-LDH thin film modified subsequently with glu-
conate anions. In addition, we investigate how the Ca-
Al LDH film interacts with a polyurethane coating
layer and how this bilayer system renders corrosion
protection to the carbon steel substrate. Specifically,
the anticorrosion effect of this bilayer coating system
and the subsequent impact of gluconate, either dis-
persed in polyurethane coating or intercalated in LDH
film, is investigated and described. Various corrosion
inhibitors have been widely employed to study their
protective properties and unveil the inhibition mech-
anisms against steel corrosion.33–36 The present study is
focused on the utilization of gluconate. This non-toxic
biomolecule is reported as an efficient inhibitor against
the corrosion of tin, iron, and mild steel in near pH-
neutral media.37,38 The choice of the inhibitor was
motivated by stringent environmental and ecological
rules to replace traditional toxic compounds found to
be hazardous to society.39,40 This paper describes the
preparation and modification of CaAl-LDH film
directly on carbon steel, as well as inhibitor perfor-
mance in different layers of a bilayer system using
polyurethane coating as a model system while taking
into account the overall system’s dry and wet adhesion
characteristics.

Materials and methods

Materials

AISI1008/1010 carbon steel plates with dimensions
(4 cm 9 1 cm 9 0.5 cm) were used as substrate mate-
rial for the growth of Ca-Al LDH. Initially, the steel
samples were mechanically ground with up to 2000#
grits of SiC abrasive paper, degreased with acetone,
rinsed with ethanol, and dried with compressed air.
The following analytical grade was used as reagents for
the synthesis of the CaAl-LDH film: CaNO3Æ4H2O,
Al(NO3)3..9H2O, NH4NO3, and NaOH (supplied by
Sigma-Aldrich Corporation, purity ‡ 98%). A com-
mercial two-component polyurethane (lacquer AQ CC
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150 and hardener AQ BU 13, supplied by Synpo a.c.)
was used to develop the organic coating layer.

Preparation of coatings

Preparation of Ca-Al-LDH-films

The CaAl-LDH were synthesized by an in situ growth
method by preparing the mixed solution composed of
0.1 M Ca(NO3)2Æ4H2O, 0.05 M of Al(NO3)3Æ9H2O, and
0.3 NH4NO3, purged with nitrogen gas for 15 min and
were transferred in a Teflon-lined stainless steel
autoclave containing the pretreated steel samples.
The pH of the solution was adjusted to 12.0 before
the autoclave was closed and heated for 18 h at 140�C.
Finally, the CaAl-LDH coated samples were washed
with distilled water and dried at ambient temperature.
To prepare CaAl-Gluconate-LDH, the steel plates
with Ca-Al-NO3 LDH specimens were dipped in a
0.1 M solution of sodium gluconate (abbreviated
hereafter as Glu) for 3 h under stirring. Then, the
specimens were washed with distilled water and were
dried in the oven at 60�C for 30 min. Figure 1 presents
a schematic illustration of LDH structural formation
and modification with gluconate via ion-exchange pro-
cess.

Preparation of bilayer coating

The commercial lacquer AQ CC 150 was added to the
curing agent (AQ BU 13) with a mass ratio of 2.5:1 and
mixed uniformly through mechanical stirring. The
polyurethane coatings were applied on the CaAl-
Gluconate-LDHs film with the help of a bar coater
(50 lm nominal thickness). The resulting coatings are
named LDHs-Glu/Polyurethane. In parallel, LDHs/
Polyurethane-Glu coatings were also prepared by
applying a similar polyurethane coating with dispersed
gluconate inhibitors (3 wt%) on the CaAl-LDHs film.
The concentration of gluconate was adjusted after the
initial screening of different gluconate dispersions in
polyurethane coatings based on impedance and poros-
ity characteristics. The curing in both cases was done
for 10 min at 25�C and then for 40 min at 80�C using
an oven. Figure 2 represents the general design of

developed LDHs/Polyurethane-based coating systems.
For reference, the pure polyurethane coating was
prepared directly on the steel surface without any
inhibitors. Table 1 describes the general terms used
hereafter for the developed specimens.

Characterization

The morphology and microstructural features of the
obtained LDH films were analyzed by scanning elec-
tron microscopy (JEOL IT300) operated at 10 kV
accelerating voltage. The XRD characterization of the
developed samples was performed using a PANalytical
X’Pert diffractometer (CuKa1 radiation,
k = 0.154056 nm; a tube power of 45 kV and 40 mA)
coupled with a PIXcell1D detector, following a step of
0.02� over an angular range between 3.5� and 90�.
FTIR was conducted in attenuated total reflectance
(ATR) mode with an Excalibur series instrument to
analyze the surface functional groups and the chemical
bonding of the samples within the wavenumber range
from 550 to 4000 cm�1 with a 4 cm�1 resolution and 32
scans; a diamond crystal was used as the internal
reflective element and complement the structural
analysis by XRD.

To investigate the elemental depth profile of LDH
films, glow discharge optical emission microscopy
(GDOES) was performed at an accelerating voltage
of 200 kV.

Electrochemical studies of the coated substrates
were carried out by electrochemical impedance spec-
troscopy (EIS). EIS was conducted with Gamry FAS2
Femtostat (Gamry Instruments, USA) coupled to a
PCI4 controller at open circuit potential (OCP) with
the application of a 10-mV sinusoidal perturbation in
the 10 kHz to 10 mHz frequency range, taking 7 points
per decade. A configuration of three-electrode sys-
tems, i.e., saturated calomel electrode (SCE)/reference
electrode, platinum/counter electrode, and coated steel
sample/working electrode in 0.05 M NaCl solution, was
used to measure the EIS analysis.

Adhesion tests (ASTM D 3359-09e2/ DIN EN ISO
2409) were carried out through the cutting tool
(crosshatch cutter test kit) fitted with a blade tooth
spaced at 1.0 mm apart and were used to make a cross-

Fig. 1: Schematic representation of LDHs as-prepared
structure

Fig. 2: Schematic diagram of the developed composite
coatings. (a) LDH/Polyurethane-Glu, (b) LDH-Glu/
Polyurethane
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cut pattern through the composite coatings at ca. 90�
angles. Pressure-sensitive tape was then applied and
removed to assess the coating quality by observing the
coating behavior to the tape removal.

Results and discussion

Figure 3 shows the XRD patterns of substrates after
the growth of LDH and LDH-Glu. The pattern
indicates a series of 2h peaks related to the LDH
phase with the possible characteristic reflections of the
CaAl-LDH. These reflections support the successful
preparation of the CaAl-LDH hydrocalumite-like
structure.41,42 The presence of a peak at 11.67� with the
d-spacing value of 0.76 nm, calculated from Bragg’s
Law, may be due to the intercalation of CO3

2- in the
LDH galleries.41,43,44 This finding is not unexpected:
the solution on which LDH was grown had an initial
pH of 12 and, although having used a flow of nitrogen
gas to reduce the amount of CO2 dissolved in water, its
complete removal may not have occurred.

After modification with gluconate, the at-low 2h
reflections shifted toward lower angles, indicating the
intercalation of gluconate anions inside the LDH
interlayers. The basal plane spacing of LDH-Glu,
estimated from the positions of the fundamental
characteristic peak (00l), is 0.95 nm. It is also worth
noting that the basal spacing associated with developed
LDH-Glu film in the present work is lower than that
synthesized by the coprecipitation method.37 This may
be due to the difficulty in achieving a complete
exchange with carbonates, which agrees with previous
studies.25,45

The GDOES depth profiles for the developed
specimens are shown in Figure 4. The depth profile
can be divided into three main regions: zone 1—LDH
layer; zone 2—transition from the LDH layer to the
substrate; and zone 3—substrate. For CaAl-LDH, O,
N, Ca, and Al signals are intense in zone 1, indicating
their enrichment on the surface, and are consistent
with the XRD description. It is worth noting that the
signal from N is much more intense than the signal
from C, which may imply that nitrates are still present
in the film, either adsorbed in the outer surface of
LDH or some amorphous regions of the layer, while
the presence of NO3

- also cannot be fully excluded.

Furthermore, in zone 2, there is a decrease of Ca and
Al signals and an increase of Fe, showing that this is a
transition between the LDH film and an iron-oxide/
hydroxide region. In zone 3, all the signals decrease
except for Fe, indicating that the carbon steel substrate
has been reached.

After the exposure of the LDH film to the gluconate
solution, the signal of C is more prominent in the
sample. In zone 1, signals of Ca, Al, O, N, H, and C (to
some extent) are the most intense. The increase of C,
H and O may be associated with the presence of
gluconate. In zone 2, all these signals decrease while
the signal from Fe increases, and in zone 3, the most
intense signal comes from Fe. The reduced sputtering
time to reach zone 3 after ion exchange with gluconate
(LDH-Glu) described the LDH dissolution during
immersion in gluconate base solution and was charac-
terized by the thinning of LDH film after ion exchange.

The FTIR spectra of the pristine LDH samples are
shown in Fig. 5. A broad, intense band observed in the
3000–3800 cm�1 range is due to the OH stretching
mode, and the band is broadened because of the
superposition of various hydrogen bonds with inter-
layer water molecules and interlayer anions.46 The
band at 1630 cm�1 is attributed to the deformation
mode of the interlayer water molecules. The band in

Table 1: Developed coating specimens on AISI 1008/1010 carbon steel substrates

Designation Description

LDH CaAl-LDH grown on the steel surface
LDH-Glu CaAl-Gluconate-LDH grown on the steel surface
LDH/Polyurethane-Glu Top layer of Gluconate dispersed polyurethane coating applied onto CaAl-LDH
LDH-Glu/Polyurethane Top layer of pure polyurethane coating applied onto CaAl-Gluconate-LDH
Reference Pure polyurethane coating applied directly on the carbon steel surface

Fig. 3: XRD patterns of LDH films (a) LDH, (b) LDH-Glu

J. Coat. Technol. Res.



the 1350 cm�1 region can be attributed to the vibration
modes of CO3

2� or NO3
� or the overlap of both bands

in the region ranging from 1350 to 1400 cm�1.47 The
1576 cm�1 band originates from the H2O bending in
the interlayer, and the carbonate anion adsorption
band at 1440 cm�1 overlapped with the 1347 cm�1

band related to the nitrate group stretching.48 The
vibration mode near 440 cm�1 was assigned to the
vibration mode of metal-oxygen in layered double
hydroxide. Compared to the sample LDH (i.e., before
ion exchange), the LDH-Glu spectrum shows the
asymmetric stretching vibration mode of C=O at
1634 cm�1, along with the presence of a peak at
1427 cm�1 and out-of-plane bending vibration mode,
c(OH), at 660 cm�1 suggesting the existence of species
containing carboxylic groups.49 In comparison, the
additional (–CH) peak indicates the presence of
gluconate inside LHDs. These results show that the
gluconate anions are present in LDH films, with no

critical modifications to the LDH structure upon ion
exchange.

Figure 6 shows SEM images of obtained LDH films
before (panel a) and after (panel b) modification with
gluconate. The LDH films reveal plate-like morphol-
ogy perpendicular to the substrate, like other LDH
films grown in different substrates.49 The films
obtained do not show surface defects, such as large
pores or uncovered surface regions, and the morphol-
ogy does not suffer key changes upon treatment with
the gluconate solution.

In addition, the top view SEM images of the bilayer
coating systems after application of the polyurethane
coating layer are presented in panels (c) and (d). In the
case of the LDH-Glu/Polyurethane system (panel c),
the polyurethane seems to cover the LDH film, while
in the system LDH/Polyurethane-Glu, there are sev-
eral defects with open pores (panel d). The latter
observation can be due to the poor interaction between
sodium gluconate salt and the polyurethane layer.

EIS was employed to evaluate the corrosion perfor-
mance of these bilayer systems, exposing coated
carbon steel samples to a 0.05 M NaCl aqueous
solution for different immersion times. The Bode
representation of the EIS spectra acquired is presented
in Fig. 7. Panels a and b show the EIS spectra for all the
systems studied after 1 h of immersion. The system
with the lowest impedance magnitude corresponds to
the uncoated steel. It is possible to detect two
overlapped time constants at intermediate frequencies
between 100 and 102 Hz, which may be ascribed to
ongoing corrosion processes and mass-transport con-
trolled processes.50 When the LDH is grown, the
substrate becomes more protected: the impedance
magnitude increases across the whole frequency
domain, with an additional time constant detected at
high frequencies that can be ascribed to the LDH layer
(around 104 Hz), followed by a second time constant
associated with ongoing corrosion processes (around
10 Hz). When the LDH layer is modified with glu-
conate (LDH-Glu), the low and intermediate fre-

Fig. 4: GDOES depth profile of samples: (a) LDH, (b) LDH-Glu

Fig. 5: FTIR spectra: (a) LDH, (b) LDH-Glu
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quency impedance magnitude increases, which may
anticipate the role of gluconate as a corrosion inhibitor
of steel. On the other hand, the high-frequency time
constant initially detected for LDH seems to occur now
at lower frequencies (around 102 Hz). This may imply
that a thinning of the LDH layer could have occurred
during the exposure of the LDH layer to the gluconate-
containing solution (consistent with previous descrip-
tion of GDOES results) or that, at least from an
electrochemical standpoint, the region of the LDH
layer that offers resistance against ingress of electrolyte
may be thinner. Only one-time constant is detected
when the LDH layer is covered with polyurethane
coating, which can be assigned to the organic coating
response.51 The positive effect of combining the LDH
layer with the polyurethane layer (LDH-Glu/Polyur-
ethane and LDH/Polyurethane-Glu) vs. polyurethane
layer directly applied onto the carbon steel substrate
(Polyurethane) is also clear: the impedance magnitude
of the polyurethane system alone is several orders of
magnitude lower than the LDH-polyurethane system
across the whole range of frequency. In addition to the
potential barrier effect of the LDH thin film, there may
also be an important role in the adhesion of the organic
layer to the substrate covered with the LDH film.

The long-term protective effect of the bilayer system
was also surveyed. The Bode plots of EIS spectra
obtained for LDH/Polyurethane-Glu and LDH-Glu/
Polyurethane after 24, 72, 168, 240, and 480 h are
depicted in Fig. 7 (panels c to f). LDH-Glu/Polyur-
ethane system displayed higher impedance magnitude
after 1 h of immersion when compared to the LDH/

Polyurethane-Glu system. This trend was also ob-
served for longer times of immersion. Nonetheless,
when looking at the decrease in impedance magnitude
for different immersion times, especially at low fre-
quencies, this decrease was more significant for the
coating where gluconate had been directly added to the
polyurethane layer when compared to the system
where gluconate was present in the LDH film. The
interpretation of these changes may be rooted in
differences in coating permeability to electrolyte
species. Indeed, recalling Fig. 6, pores were detected
in the system where gluconate had been directly added
to the polyurethane layer. This opened structure
facilitates the ingress of electrolyte species and may
contribute to lowering pore resistance (to be discussed
later). Furthermore, the direct addition of a water-
soluble salt to the polyurethane-coated specimen can
create further osmotic pressure, forcing a higher water
ingress than in the polyurethane layer without sodium
gluconate.52

Figure 8 summarizes the variation of impedance
magnitude at low frequencies (0.01 Hz) from 1 to 480 h
of immersion, and whether it is assumed that this value
is related to the corrosion rate, the positive effect of
combining LDH with Polyurethane is demonstrated.
However, the LDH-Glu/Polyurethane system is the
most protective under the conditions tested.

The EIS spectra presented in panels ‘‘c’’ to ‘‘f’’ of
Fig. 7 were fitted using Echem Analyst software, and
the results are shown in Tables 2 and 3, using two
different equivalent circuit models presented in Fig. 9.
The electrical circuits that were used in the fitting of

Fig. 6: SEM images: (a) LDH, (b) LDH-Glu, (c) LDH-Glu/Polyurethane, (d) LDH/Polyurethane-Glu
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EIS experimental data from the bilayer coatings were
studied to measure important impedance characteris-
tics. Solution resistance, pore resistance 1 and pore
resistance 2 are related to the inner and external parts
of the film and are represented by Rs, Rcoat1, and Rcoat2

in the suggested equivalent circuits. The related con-
stant phase elements are represented by CPEcoat1 and
CPEcoat2 respectively, and a is the exponent of CPE. In
the case of LDH/Polyurethane-Glu, only a one-time
constant is detected, except for 24 h immersion. The
high-frequency time constant can be associated with
the organic coating, while the additional time constant
detected for 24 h of immersion may be ascribed to the
inner coating layer (LDH), which is no longer noticed
as a separate layer for longer immersion times. This
second-time constant occurs around 101–102 Hz and is
not well seen due to partially overlapping with the

high-frequency one. However, two-time constants
provide reliable fitting in this region of the frequency
domain. Although the equivalent circuits used for the
two coating systems were not always the same, Tables 2
and 3 demonstrate that the total coating pore resis-
tance, or R coat, as determined by Rcoat1 + Rcoat2, is
consistently greater for LDH-Glu/Polyurethane than
LDH-Polyurethane/Glu. It is difficult to assign time
constants from a physicochemical perspective. The
effective capacitance was calculated using equation (1)
derived by Hsu and Mansfeld,53 and the corresponding
values are depicted in Tables 2 and 3.

Ceff ¼ Qð1=aÞRð1�aÞ=a ð1Þ

where a and Q are frequency-independent parameters
of the CPE and R the parallel resistance-associated.

Fig. 7: EIS spectra of developed coating systems: (a, b) coatings after 1 h immersion, (c, d) LDH/Polyurethane-Glu, (e, f)
LDH-Glu/Polyurethane
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In the case of LDH-Glu/Polyurethane and for LDH/
Polyurethane-Glu after 24 h, the order of magnitude
associated with Ceff for both the first and second-time
constants is consistent with a coating layer response. A
possible rationalization for this behavior may be that
the external layer is composed of polyurethane only,
whereas the inner coating layer response results from a
combination of organic polyurethane/inorganic LDH-

Glu that remains stable throughout the immersion
period monitored.

The appearance of the developed specimens on
carbon steel plates before and after immersion for
480 h is shown in the supplementary section. The
corrosion products are visible on the substrates of
LDH and LDH-Glu developed plates, where corrosive
species covered the whole substrate after 20 days of
contact with the electrolyte. The LDH/Polyurethane
coatings have shown localized corrosion and corrosion
products on the surface, however, the coatings
appeared to be stable and intact with the substrate,
and no specific swelling is observed in the coating
systems. At the same time, red rust spots were
observed in some areas, specifically in the case of
LDH/Polyurethane-Glu. It is worth noting that the
equivalent circuits presented earlier do not account for
an additional time constant associated with corrosion
processes that led to the formation of corrosion spots
underneath the organic coatings and are visually

Table 2: EIS fitting results for LDH/Polyurethane-Glu

Immersion
time
(min)

CPEcoat1
X�1 cm�2 sa

Rcoat1

X cm2
acoat Ceff

Fcm�2
CPEcoat2

X-1 cm�2 sa
Rcoat2

X cm2
acoat2 Ceff

Fcm�2
Rcoat

X cm2

24 4.87 9 10�9 5.66 9 105 0.78 9.60 9 10�10 1.71 9 10�7 5.50 9 106 0.40 1.56 9 10�7 6.06 9 106

72 1.58 9 10�8 3.69 9 106 0.79 7.46 9 10�9 3.69 9 106

168 2.13 9 10�8 3.41 9 106 0.74 8.72 9 10�9 3.41 9 106

240 1.36 9 10�8 2.86 9 106 0.80 6.32 9 10�9 2.86 9 106

480 3.59 9 10�8 5.24 9 105 0.77 1.10 9 10�8 5.24 9 105

Table 3: EIS fitting results for LDH-Glu/Polyurethane

Immersion
time
(min)

CPEcoat1

X�1 cm�2 sa
Rcoat1

X cm2
acoat Ceff

Fcm�2
CPEcoat2

X�1 cm�2 sa
Rcoat2

X cm2
acoat2 Ceff

Fcm�2
Rcoat

X cm2

24 2.78 9 10�9 7.41 9 105 0.9 1.44 9 10�9 2.80 9 10�8 7.14 9 106 0.55 7.54 9 10�9 7.8 9 106

72 2.44 9 10�9 5.55 9 105 0.89 1.13 9 10�9 3.70 9 10�8 5.40 9 106 0.52 8.47 9 10�9 5.9 9 106

168 4.27 9 10�9 4.16 9 105 0.90 2.25 9 10�9 3.67 9 10�8 5.39 9 106 0.51 8.17 9 10�9 5.8 9 106

240 2.49 9 10�9 5.63 9 105 0.88 1.07 9 10�9 4.86 9 10�8 4.24 9 106 0.50 1.01 9 10�8 4.8 9 106

480 8.85 9 10�9 1.95 9 106 0.82 3.70 9 10�9 1.9 9 106

Fig. 8: Impedance modulus of studied surfaces at 0.01 Hz
against various immersion times Fig. 9: Equivalent circuit used to fit the EIS results
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detected after 480 h of immersion. This can be
attributed to the fact that the barrier properties pro-
vided by the organic coating prevent the identification
of these activities since the coating impedance remains
high. Similar phenomenon has been observed in the
literature and is attributed to the nature of the polymer
that permits mostly water to permeate while the flow of
ions across the coating is not yet considerable.52

The photographs of the specimens after adhesion
tests are displayed in Fig. 10. The rating system (from 0
to 5) is based on the detached surface area after the
test, considering 5 optimal (no detachment) and 0
complete detachments (> 65%). Before being sub-
merged in a NaCl solution, the polyurethane coating
alone exhibited high adherence; however, after ten
days of immersion, the film showed poor adhesion,
(rating ‘‘1’’). When exposed to corrosive electrolytes,
corrosive ions penetrate and impair the polyurethane
coating’s barrier effectiveness, accelerating corrosion
at the coating/substrate interface and causing increased
delamination. The square grid pattern on the surface of
the developed polyurethane coatings on the LDH
surface indicates a rating of ‘‘5’’ for dry adhesion
strength. This is because the polyurethane coating
seeped into the nanosheet of the LDH thin film and

may have bonded via strong interactions during the
curing process, thereby improving the adhesion
strength between the polyurethane coating and carbon
steel substrate. After 10 days of immersion in 0.05 M
NaCl solution, the LDH/Polyurethane-Glu showed
some signs of adhesion loss and was considered as
rating ‘‘3’’, however significantly better compared to
the pure polyurethane coating applied directly onto
carbon steel. The results showed that the LDH-Glu/
Polyurethane had a significant role in improving the
adhesion strength of the polyurethane layer. This is
because the LDH film was used as a pretreatment for
the polyurethane coating, and interfacial bonds be-
tween the LDH thin film and pure polyurethane
coating play a significant role in improving the overall
adhesion of the system. The corrosion product accu-
mulation can be observed on LDH/Polyurethane-Glu
for wet adhesion analysis, which is why LDH-Glu/
Polyurethane coating performed better than LDH/
Polyurethane-Glu. These changes in coating adhesion
loss are then also reflected in the coating impedance
analysis.

Based on the present findings, the polyurethane
coatings provide initial strong barrier properties for
both LDH-Glu/Polyurethane and LDH/Polyurethane-
Glu, evidenced by the coating corrosion resistance
properties investigated by EIS and visual inspection.
Further, the presence of LDH limits interaction
between corrosive species and the metallic substrate
and delays the corrosion ions from reaching the metal
substrate. Secondly, gluconate ions inside the system
can be released to inhibit corrosion at the metal
interface. Furthermore, it has been found that the
direct incorporation of inhibitors into polyurethane
coatings might induce degradation due to the adverse
interaction between the polymer matrix and active
species, and they have comparably weaker corrosion
resistance properties than the LDH-Glu/Polyurethane
system. The reason for the increase in corrosion
resistance of the LDH-Glu/Polyurethane coating on
carbon steel substrate can be due to the combined
active and passive protection, arising from anion
exchange between the inhibitor (gluconate) anions
contained in the LDH and the aggressive Cl� ions, and
the organic coating barrier effect, respectively. The use
of polyurethane coating directly on steel substrate
reported a rapid decline of impedance values and
adhesion failure. This demonstrates the notion of using
LDH as a first layer to increase corrosion resistance
and adhesion of the coating system. This is particularly
noticeable when the initial layer of LDH contains
inhibitor species, such as gluconate, in this example.
The difference in impedance values between LDH-
Glu/Polyurethane and LDH/Polyurethane-Glu points
in the same direction as SEM and adhesion testing:
gluconate does not work well when directly dispersed

Fig. 10: Surface appearance of adhesion test for as-
prepared coatings surfaces (a, c, e) and after 10 days of
immersion in 0.05 M NaCl solution (b, d, f). (a, b) LDH-Glu/
Polyurethane; (c, d) LDH/Polyurethane-Glu; (e, f)
Polyurethane coating (reference)
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in the polymer, but its effect when incorporated into
the LDH film is more positive.

Conclusions

This study described the development of CaAl-LDH
film grown directly on the surface of carbon steel,
followed by the loading of gluconate. The surface
morphologies of the CaAl-LDH revealed a uniform
network of LDH lamellae, which provide a robust
platform for modification with polyurethane coating.
Two different strategies were followed to develop
multifunctional coatings based on the addition of
corrosion inhibitors, namely (a) LDH-Glu/Polyur-
ethane, and (b) LDH/Polyurethane-Glu. The devel-
oped systems of LDH-Glu/Polyurethane and LDH/
Polyurethane-Glu showed a positive effect in terms of
steel protection against corrosion. Further, the pres-
ence of LDH film significantly improves the adhesion
of the polyurethane coating to the metal substrate. The
best system was found to be LDH-Glu/Polyurethane.
The polyurethane layer renders a barrier effect against
the initial transport of corrosion-relevant species (pas-
sive protection), while the LDH layer simultaneously
provides corrosion inhibitor species (Glu) and entrap-
ment of aggressive chloride ions (active protection).
Above all, the presence of inhibitors in the protective
LDH layer is a promising way to enhance the corrosion
protection ability of bilayer coating systems where
inhibitors are released closer to the substrate interface
provide better corrosion protection compared to
inhibitors directly added to the polyurethane coatings
that can detrimentally lead to fast degradation of the
polymeric layer. In real coating systems, the polymer
layer will have to be loaded with additional anticorro-
sion pigments to render a long-lasting protection effect.
Therefore, we propose that a combination of LDH-
gluconate pretreatments with primers loaded with
compatible anticorrosion pigments may be considered
an environmentally friendly efficient coating design to
protect carbon steel.
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