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Abstract 

Layered double hydroxides (LDHs) are considered as interesting containers for 

corrosion inhibitors, since they exhibit high ability to release inhibitor as well as to capture 

aggressive ions from aqueous solution. Epoxy containing organo-modified LDHs filler 

intercalated with ethylenediamine-N,N’-disuccinate anions (EDDS), [Zn2Al(OH)6]
+
 [EDDS]

4-

0.25 . 2H2O (LDH-EDDS) with loading from 0 % to 1.25 % were coated onto carbon steel 

plates. The efficiency of these coatings against corrosion (barrier properties and release of 

inhibitors) was assessed by using electrochemical impedance spectroscopy. The evolution of 

the impedance modulus |Z| at low frequency range during time showed that the 0.75% organo-

modified LDH-containing epoxy (thickness 80 µm) exhibits the highest corrosion resistance 

in the series and the associated value of |Z| at 3 mHz (10
10

  cm
2
 after 21 days of immersion 

in 0.1 M NaCl solution) places it among the best recent solutions published now. The 

behavior of this polymer composite was compared to the free-LDH coating by plotting the 

resistivity profiles along the coating thickness as a function of time. These results show that 

(i) the presence of 0.75 % LDH-EDDS in the epoxy coating delays the penetration of water 

molecules, and (ii) limits corrosion of carbon steel. The efficiency of the organo-modified 

filler to inhibit the corrosion process is explained by an exchange between interleaved species 

occurring from released EDDS
4-

 anions and aggressive Cl
-
 ions being captured. 
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1. Introduction 

Layered Double Hydroxides (LDHs) are composed of layers of edge-sharing 

octahedral of metal hydroxides, which may be of different nature, with an anion intercalated 

between them. This anion can be exchanged by another anion, this by mass action law and/or 

affinity allowing their diffusion within the host structure (Tedim et al., 2012; Alibakhshi et al. 

2017; Cao et al., 2022a; Seniski et al., 2020;). This is particularly relevant concerning 

corrosion issues when suitable anions are then released by such exchange process associated 

with the capture of chloride ions (Poznyak et al., 2009; Hang et al., 2010; Zheludkevich et al., 

2010; Hang et al., 2012; Tabish et al., 2021; Ayemi et al., 2022; Cao et al., 2022a). The latter 

is known to be aggressive towards metal surface. Thus, LDHs can be considered as inhibitor 

reservoirs, where the inhibiting species is the anions initially intercalated between the 

hydroxide layers (Junaid et al., 2020; Leal et al., 2020; Wei et al., 2020; Pellanda et al., 2021). 

They migrate out of the filler structure into the solution until being adsorbed onto the metal 

surface by forming some organometallic compound with the metal ions resulting from the 

metal oxidation process (Fig. 1) (Zheludkevich et al., 2010; Hang et al., 2012; Tabish et al., 

2021; Ayemi et al., 2022; Cao et al., 2022a; Hejjaj et al., 2024). 

In previous work, LDHs constituted of zinc and aluminium hydroxides layers 

intercalating Ethylenediamine-N,N'-disuccinate anions (EDDS
4-

) were synthetized to evaluate 

the inhibitive efficiency of this hybrid compound on carbon steel reactivity in neutral and 

aerated 0.1M NaCl solution (Ayemi et al., 2022). It was shown the inhibitive efficiency 

provided both from an anion exchange mechanism between EDDS
4-

 and Cl
-
 (Fig. 2) anions to 

a partial and rather selective solubility of the LDH scaffold leading to the presence of zinc in 

the solution. This demonstration provides a very interesting opening for the application of 

organic coatings. In fact, they offer a solution for improving the corrosion resistance of metals 
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Figure 1: Illustration of the anion exchange process occurring between intercalated 

anions in the LDH structure and chloride ions from the external environment leading to the 

adsorption of inhibitor species onto the metal surface. 

 

when it is simply necessary since the cure is caused by corrosion attack (Nguyen et al., 2018; 

Peng et al., 2018; Su et al., 2020; Udoh et al., 2022; Bakhtaoui et al., 2021; Montemor, 2024). 

The performance of organic coatings is defined, among other properties, by their barrier 

properties, which prevent or delay the ingress of water. Barrier properties depend on the 

tortuosity of the polymer network. However, porous epoxy coatings are damaging to the 

underlying metal, since water and other aggressive species (chloride ions, oxygen, etc.) can 

reach the substrate and lead to corrosion. Epoxy coatings incorporating LDHs appear to be an 

interesting way of inhibiting corrosion (Nguyen et al., 2018; Peng et al., 2018; Asadi et al., 

2019; Zhang et al., 2019). In addition, barrier « passive » properties can also be improved by 

increasing the tortuosity within the polymer network through the addition of these anisotropic 

compounds (Cao et al., 2021; Sun et al., 2021; Tabish et al., 2021; Cao et al., 2022a). 

The present study deals with the characterization of the barrier properties offered by 

the layered double hydroxide [Zn2Al(OH)6]
+
[EDDS]

4-
0.25 . 2H2O loaded at different 

concentrations (0 %, 0.25 %, 0.75 % and 1.25 %) in an epoxy matrix. The aim is to validate 
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the use of these LDHs as inhibitor compounds incorporated in epoxy coating and to determine 

the best coating formulation associated with a suitable concentration of LDH-EDDS needed 

for a long-term protection against the corrosion of XC38 carbon steel. The barrier properties 

are investigated by electrochemical impedance spectroscopy. This technique is relevant 

because it enables to assess the corrosion resistance of the coated system at the carbon 

steel/coating interface, and to establish the link between the electrochemical behavior of the 

coated system and the dielectric properties of the organic matrix, which can be modified by 

water uptake (Amand et al., 2013; Musiani et al., 2014; Nguyen et al., 2015; Nguyen et al., 

2016; Nguyen et al., 2017; Garden and Pethrick, 2017; Marcelin et al., 2023). 

 

 

Figure 2: XRD patterns for LDH-EDDS before and after contact with sodium chloride 

solution showing the exchange reaction between EDDS
4-

 and Cl
-
 anions, data from (Ayemi et 

al., 2021). 

 

 

2. Experimental part 

2.1. Preparation of epoxy incorporated LDH-EDDS coatings deposited on XC38 carbon steel 
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The XC38 carbon steel (C = 0.32-0.39, S ≤ 0.035, Mn = 0.5.-0.80, P ≤ 0.035, Si = 0.40 max, 

Fe to 100, in wt.%) plates with dimensions 100 x 70 x 3 mm
3
 was used as a substrate. The 

carbon steel plates were sand blasted to a roughness of about 3µm and have been degreased 

with ethanol prior to the coating deposition to promote adhesion of the coating to the 

substrate.  

The LDH-EDDS used in this study were prepared at room temperature by direct co-

precipitation method using the protocols described in our previous work in which, the EDDS
4-

 

anion was intercalated between layers of the LDH-type host structure of cation composition 

Zn2Al (Ayemi et al., 2021). The chemical structure of EDDS is recalled in figure 3. The 

powder form of LDH-EDDS was used for the coating formulation. 

 

 

Figure 3: Chemical structure of Ethylenediamine-N,N'-disuccinic acid (EDDS). 

 

Epoxy and epoxy/LDH-EDDS coatings were prepared using an epoxy resin: bisphenol A 

diglycidyl ether (DGEBA) from Huntsmann (Araldite GZ7071X75) in xylene (at 75%) and a 

polyamidoamine hardener as the curing agent, from Huntsmann (Aradur 423XW60) in 

xylene/n-butanol 4:1 (at 60%) solution.  

Different percentage weight concentrations (0.25 %, 0.75 % and 1.25 %) of LDH-EDDS 

grounded to a powder form were mixed with epoxy resin. These concentrations were chosen 

to determine the best coating formulation and the optimum amount of LDH-EDDS needed for 

better corrosion protection of XC38 carbon steel. The amine curing agent was then added with 

the amine/epoxy ratio equal to 1.1. The mixed coating formulation was deposited on XC38 

plates using bar coater. The curing protocols were as follows: (i) 24 h at room temperature in 
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the bar coater chamber, to allow slow evaporation of solvent; (ii) 1 h at 80 °C in the oven, was 

the real curing step; and (iii) 2 h at 100 °C under vacuum, to ensure maximum curing without 

early degradation of the coatings. The particle dispersion was checked by Scanning Electron 

Microscopy (SEM), and particle aggregates of less than 10 µm were observed. Epoxy coating 

without LDH-EDDS was also produced as reference. The resulting coatings were: 

Epoxy/amine + 0 % LDH-EDDS, Epoxy/amine + 0.25 % LDH-EDDS, Epoxy/amine + 0.75 

% LDH-EDDS, and Epoxy/amine + 1.25 % LDH-EDDS which will be subsequently referred 

to as 0 %, 0.25 %, 0.75 % and 1.25 % coating, respectively. The expected coating thicknesses 

were 80 µm. The measured thicknesses using a profilometer showed that the thicknesses were 

not homogeneous on all the steel plates. The thicknesses of 80 µm ± 5 µm were only reached 

on a surfaces of a few cm² in the center of the samples. 

2.2. Analytical characterizations 

Differential scanning calorimetry (DSC) measurement was used to determine the glass 

transition temperature (Tg) of epoxy coatings before immersion. DSC was performed using a 

Mettler Toledo DSC3+ device at a rate of 15 °C.min
-1

 in the range -20°C to 100°C under air 

flow. Glass transition temperatures (Tg) were determined from midpoint of the heat flow 

derivative using STARe software from Mettler Toledo. 

 

2.3. Electrochemical impedance spectroscopy (EIS) of coated systems 

The electrochemical measurements were carried out using two cell configurations: carbon 

steel/coating/mercury (dry condition) and carbon steel/coating/0.1 M NaCl solution (wet 

condition). In both cases, the coated carbon-steel plate was used as the working electrode. 

Electrochemical measurements in dry conditions provide the coating permittivity required to 

calculate water uptake. Electrochemical measurements under wet conditions monitor the 

evolution of the barrier properties of the epoxy coatings and the corrosion resistance of coated 
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carbon steel. For the dry condition, the electrochemical cell was filled with mercury (Nguyen 

et al., 2017). The working electrode had an exposed area of 3 cm², and the platinum wire used 

as the counter and reference electrode was dipped in mercury to ensure electrical contact. A 

potentiostat/galvanostat (Biologic SP-300) was used to measure the impedance for this 

configuration. The impedance diagrams were obtained using a DC bias of 0 V over the 

frequency range of 10
4
 Hz to 0.1 Hz with 8 points per decade and 50 mV RMS peak-to-peak 

sinusoidal perturbation amplitude. For the wet condition, a three-electrode cell was used. Two 

different types of masks providing from GAMRY were used to delimit the analysis area to 15 

cm² or 3 cm² (the exposure area is the area where the homogeneous coating thickness is 80 

µm ± 5 µm). The reference electrode was saturated calomel electrode (SCE), and a graphite 

porous bar (with a large surface) was used as the counter electrode. Both electrochemical set-

ups were placed in a Faraday cage. A potentiostat/galvanostat (Gamry Reference 600) was 

used to measure the impedance for the carbon steel/coating/electrolyte configuration. The 

impedance diagrams were obtained under potentiostatic conditions at the corrosion potential 

over the frequency range of 10
5
 Hz to 3 mHz with 8 points per decade and 15 mV RMS peak-

to-peak sinusoidal perturbation amplitude. All the impedance measurements were performed 

at room temperature. For the wet condition, the impedance of the coatings was measured for 

exposure times ranging from 2 hours to 21 days. The solution was aerated and stagnant during 

the experimentation. For reproducibility, all measurements were repeated at least three times. 

The impedance diagrams were analyzed using non-commercial software developed at the 

LISE UMR CNRS 8235, Paris. 

 

 

3. Results and discussion 

3.1 Dielectric properties of coating under dry condition 
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The electrochemical impedance was measured in the dry condition to determine the 

parameters associated with the dielectric properties of the coating (Normand et al., 2004; 

Nguyen et al., 2017). Figure 4 shows the impedance diagrams obtained for different amounts 

of LDH in organic matrix. Regardless the content of additive in the epoxy matrix, the phase 

angle is close to -90° between 10 kHz and 100 Hz. For lower frequencies, a slight distribution 

of the time constant can be attributed only to the surface roughness (Nguyen et al., 2015).  

In parallel, the impedance modulus at lowest frequency is high and close to 10
11

  cm². The 

results indicate that the coating/mercury interface can be considered as a pure capacitance.  

The complex capacitance is given in equation 1. Figure 5 shows the complex capacitances in 

a Cole-Cole plot for the four samples. The capacitance of the dry coatings was extracted by 

graphical method (C∞ indicated in Fig. 3) (Benoit et al., 2016; Chakri et al., 2017) and is 

reported in the table 1.  

     
 

        
                                                                                                                       (1) 

with,  the angular frequency (=2f), Z the impedance of the coating, and Re the electrolyte 

resistance. From the figure 4, the electrochemical behavior of the coated sample (between 10
4
 

Hz and 10
2
 Hz) can be considered as a pure capacitive behavior. Thus, the real part of the 

capacitance determined at high frequency (C∞) range allows to obtained the permittivity of the 

coating given by equation 2.  

   
    

 
                                                                                                   

(2) 

with c the permittivity of the dry coating, 0 the vacuum permittivity, and  the coating 

thickness. 

The obtained capacitance and permittivity values are reported in the table 1. The values of the 

dry coatings obtained are closed to the ones reported in literature (Bouvet et al., 2014; Nguyen 

et al., 2016). Regardless of LDH-EDDS content, the capacitance values of the coatings are of 
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the order of 3 to 5 10
-11

 F cm
-2

, leading to permittivity values of the order of 3 and 4. Note that 

the Tg are not depending on the content in LDH-EDDS as the values were between 54°C and 

57°C (table 1). These values concern organic matrix only which have been submitted to the 

curing protocols. Since the Tg depends on the cure temperature (Garden and Pethrick, 2017), 

these closed values characterize that organic matrix are chemically equivalent whatever the 

presence of LDH. 

 

Figure 4: Electrochemical impedance diagrams obtained in dry conditions for the four 

samples with different contents of LDH: (a) 0 %, (b) 0.25 %, (c) 0.75 % and (d) 1.25 %. 
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Figure 5: Representation of the experimental data obtained in dry condition (from Fig. 4) in a 

complex capacitance plane. An example of the C∞ (representing the coating capacitance) 

value obtained by the intersection with the real axis is given. 

 

 

Table 1: Parameters obtained in dry conditions for the different samples 

Coatings 

C
∞ 

 

/ 10
-11

 F cm
-2 

graphically determined from fig. 5 

ε
C 

 

calculated from (eq.2) 

Tg 

/ °C 

0 % 3.90  3.5 57 

0.25 % 4.63 4.2 57 

0.75 % 3.54 3.2 57 

1.25 % 3.07 2.8 54 

 

 

3.2. Evaluation of the electrochemical behaviour of carbon steel/epoxy coating/electrolyte 

interface  

The four coated samples were immersed in the 0.1 M NaCl solution and the impedance was 

measured during immersion at corrosion potential. Figure 6 presents the evolution of the 

impedance modulus at 3 mHz during time. This value is representative of the corrosion 
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resistance of the coated carbon steel (Wang et al., 2018). The evolutions are not the same for 

all samples. Some of the tests were stopped whenever corrosion signs are noticed, except for 

the reference coating (without LDH) which was removed at the same immersion time than the 

0.75% LDH containing coating. This monitored immersion test was carried out in order to 

select the best candidate to protect the carbon steel against corrosion. It is interesting to 

underline that the value of the impedance modulus at low-frequency is not the same for all 

coatings at the initial time of immersion. For both 0.25% and 0.75% LDH-containing 

coatings, IZI3mHz is around 10
11

  cm
2
 for the first days of immersion. After 3 days of 

immersion, for the 0.25%-LDH-containing coating, this value drastically decreases to reach 

around 5.10
7
  cm². This value is the same as that reached at the start of immersion for the 

coating with the highest LDH content, indicating defects in the epoxy matrix and a loss of 

protection giving rise to a corrosion process underneath the coating (Peng et al., 2020; 

Yeganeh et al., 2019). The evolution of the impedance modulus at low frequency for the 

0.75%-LDH coating is slower and reaches 10
10

  cm² after 21 days of immersion.  

The comparison with either LDH filler Zn2Al:NO3
-
 or Zn2Al:CO3

2-
 was not possible because 

the particles aggregate themselves into the epoxy resin resulting in a highly heterogeneous 

surface showing large pieces of inorganic particles badly embedded into the polymer. Such 

particle aggregation caused coating failure and the impedance tests were not possible to 

perform because of the rapid passage of the solution beneath the coating. Some tests had 

shown very poor |Z| at 10
-2

Hz much lower than the epoxy coating itself, thus suppressing any 

benefits of having a corrosion inhibitor. 
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Figure 6: Impedance modulus at 3 mHz for the carbon steel epoxy coated samples with or 

without LDH-EDDS as a function of immersion time in the neutral chloride electrolyte. 

To compare the performance of Zn2Al:EDDS to other LDH cargos either embarking inhibitor 

species or mixed with other compounds, a selection of the most recent use of LDH filler for 

epoxy coating is summarized in Table 2. Two main data are reported when available: the 

charge transfer resistance RCT obtained after EIS fit with an electrical equivalent circuit since 

it is related to the electrochemical corrosion reaction and the value of the impedance modulus 

at low frequency as it measures the physical barrier effect of the coating. 

 

Table 2. Selection of the most recent LDH filler used in epoxy coating, where the cation LDH 

composition is indicated, the interleaved guest acting as corrosion inhibitor and its associated 

loading rate, the coating thickness, the impedance modulus |Z| at low frequency as well as the 

charge transfer resistance RCT when available. 

LDH cargo 

M
2+

nM
3+

 

Interleaved species 

(in combination 

with) 

Loading 

rate / 

wt. % 

Coating 

thickness / 

µm 

Substate RCT / 

.cm
2
 

|Z|10-2Hz / 

.cm
2
 

Ref. 

Ca2Al 

 

Mg2Al 

 

Ca2Al 

Zn2Al 

Mg2Al 

NO2
-
 

 

NO2
-
 

 

NO3
-
 

NO3
-
 

NO3
-
 

2 

 

0.05 

 

2 

2 

2 

120 ± 20 

 

50 ± 5 

 

- 

- 

- 

Carbon steel 

 

Q235 steel 

 

Steel 

9.10
11 

 

- 

 

- 

- 

- 

≈ 10
12

 

 

≈ 10
8 

 

≈ 10
7
 

≈ 10
6
 

≈ 10
4
 

Xue (2023) 

 

Su (2020) 

 

Cao (2022b) 

 

 

Zn2Al Gallate 

(C7H505
-
) 

1 - Q235 steel - ≈ 10
8
 Fang (2023) 

Mg2Al Fumarate 1 160 Tinplate ≈ 3. 10
5
 ≈ 10

6
 Zhang (2023) 
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(C4H2O4
2-

) 

Mg2Al Molybdate 

(Gr@PMIH)
a
 

0.5 - Carbon steel - 10
9
 He (2024) 

Ca2Al 2MBT
b
 2 - Q235 steel 5. 10

7
 6.10

7
 Tabish 

(2022) 

Zn2Al DEDTC
c
 

(C5H10NS2
-
) (+Mmt 

(Ce)
d
 

- 90 ± 2 AA 2024-T3 - ≈ 10
9
 Mohammadi 

(2022) 

Mg2Al BTA
e
 

(C6H5N3) 

1.5 - Zn-Mg steel - ≈ 10
9
 Rodriguez 

(2020) 

Zn2Al PSA
f
 0.6 40 ± 2 Carbon steel - ≈ 10

10
 Ding (2023) 

Mg2Al MoO4
2- 

(with Ti3C2Tx)
g
 

0.1 110 P110 steel - 3.10
8
 Li (2023) 

Zn-LSH + 

Zn2Al 

(M+G)
h
 5 50 AISI 1020 

carbon steel 

- 2.10
8
 Leal (2023) 

Zn2Al EDDS 0.75 80 ± 5 XC38 - 2.10
11

 This work 
a
 Gr@PMIH represents Mg2Al interleaved with molybdate anion MoO4

2-
 with polydopamine and onto graphene; 

b
 2MBT = 2-

mercaptobenzothiazole; 
c
 DEDTC = diethyldithiocarbamate; 

d
 Mmt(Ce) montmorillonite loaded with Ce

3+
 cations; 

e 
BTA 

benzotriazole; 
f
 PSA = 2-phenylbenzimidazole-5-sulfonate; 

g
 MXene@LDH:MoO4

2-
 (1:3); 

h
 M+G = MoO4

2-
 + gluconate 

(C12H22O14
2-

) in (4:1) proportion. 

 

Epoxy coating without filler shows comparable values of modulus of the impedance at the 

low frequency response of |Z| at 10
-2

Hz equal to 10
9
 .cm

2
 (Cao et al., 2022b; Fang et al., 

2023) or 4.10
9
 .cm

2
 (Leal, 2023) to our data |Z| at 10

-2
Hz = 2.10

9
 .cm

2
. This makes 

possible simple comparison at the starting time of the corrosion test and possibly during 

exposure when the coating thickness as well as the filler loading is also comparable to our 

data. Also, one should note all the exposure tests reported in table 1 are performed using 3.5 

% NaCl solution. 

Through the literature, it is remarked that low loading is usually efficient in providing 

performance in corrosion inhibition and that an increase in filler loading even small has a 

deleterious effect. For instance as in our case the epoxy coating using Zn2Al:PSA performs 

the best using 0.6 wt. % of filler loading while it fails totally at 0.8 wt. %, resulting in a 

fracture surface due to the filler aggregation (Ding et al., 2023). Such uneven distribution of 

filler particles leading sometimes to blistering until coating failure is usually observed for 

slightly higher percentage such as for Mg2Al:fumarate with 7 wt. % (Zhang et al., 2023) or 

Ca2Al:2MBT with 5 wt. % (Tabish et al., 2022). Such drastic effect is also observed in our 

case at the initial time and even more pronounced after short immersion times (Figure 6). 

Usually, the percentage of filler loading to obtain the best performance is around 1 to 2 wt. % 

(Table 1), but some systems require even less but they are using combination of cargos and/or 

corrosion inhibitors such as Gr@PMIH with 0.5 wt. % (He et al., 2024) or Mg2Al:MoO4
2-

 

with MXene Ti3C2Tx in 0.1 wt. % (Li et al., 2023). In the case of the combination of 
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compounds, the value of the impedance modulus at lower frequency is highly dependent of 

the relative ration as found between graphene and polydopamine/Mg2Al:MoO4
2-

 (He et al., 

2024). Although promising Mg2Al:BTA, the filler does not improve the inhibition corrosion, 

incorporated in 1.5 wt. % in epoxy coating, |Z| at 10
-2

Hz decreases from 10
11

 to 10
9 
.cm

2
 

(Rodriguez et al., 2020). This is interpreted by the presence of defect at the interface filler 

particles and the epoxy resin leading to the passage of the electrolyte.  

Some studies report no EIS data showing Tafel measurement only, as for an epoxy using a 

combination of 3 wt. % Zn2Al:V10O28
2-

 functionalized with silane (Aminifazl et al., 2024). 

Another study reports the use of hybrid sol-gel silane solution with Mmt-Ce and Zn2Al: 

DEDTC (Mohammadi et al., 2022) and Zn2Al:PO4
3-@ZIF8 structure was also used a dual-

functional carrier (Mohammadkhani et al., 2023).  

It is observed that our composite polymer coating with 0.75 wt. % of LDH filler behaves well 

at the initial time of testing since |Z| at 10
-2

Hz is one order of magnitude higher than the value 

obtained using a combination of additives as for Gr@PMIH (He et al., 2024), and 

LDH:DEDTC with Mmt (Ce)
 
(Mohammadi et al., 2022). When a unique LDH is used, such 

as for fumarate (Zhang et al., 2023), gallate (Fang et al., 2023), BTA (Rodriguez et al., 2020) 

or PSA (Ding et al., 2023), our initial |Z| at 10
-2

Hz data exceeds them by several orders of 

magnitude from 5 to 1, respectively (Table 2). Indeed |Z| at 10
-2

Hz obtained here is 

comparable to the best performing system using 2 wt. % of LDH:NO2
-
 in a 120 m thick-

epoxy coating (Xue et al., 2023), while the authors observed a deleterious of Ca2Al:MoO4
2-

 

with a collapse of the LDH structure in time. 

Interestingly a study reports the effect of the cation LDH composition to provide barrier 

properties (Cao et al., 2022b). As in our case using nitrate form of LDH, the LDH fillers show 

poor compatibility with the epoxy coating and the reaction of Cl
-
 ions uptake by the anion-

exchange reaction with the interleaved NO3
-
 ions is found negligible compared to the barrier 

effect supplied by the platelets, ranking as follows Ca2Al > Zn2Al > Mg2Al (Table 2). After 

immersion time up to 21 days, the barrier properties do not change much but only the platelets 

Ca2Al do provide an efficient barrier effect when compared to epoxy coating free of filler, 

Zn2Al and Mg2Al show values of |Z| at 10
-2

Hz lower than EP coating of 10
6
 .cm

2
 after 21 

days (Cao et al., 2022b). 

After immersion times into NaCl solution, behaviours differ significantly as |Z| at 10
-2

Hz or 

RCT values are found to decrease or to increase.  
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As in the present case where our composite coating drops from 2.10
11

 to 1.10
10

 .cm
2
 after 21 

days, the value of |Z| at 10
-2

Hz for the epoxy coating with LDH:gallate is found to decrease 

after the same time from 4.10
9
 to 1.10

8
 .cm

2
 (Fang et al., 2023). The decay is even more 

rapid for MgAl:fumarate where |Z| at 10
-2

Hz is going down from 10
6
 to 2.7 10

5
 .cm

2
 after 6 

days of immersion (Zhang et al., 2023). A decay of about one order of magnitude is usually 

observed after immersion time as for epoxy using Ca2Al:2MBT dropping from 5.10
7
 to 6.10

6
 

.cm
2
 after 15 days (Tabish et al., 2022) or even two orders of magnitude as for Mg2Al:BTA 

after 14 days (Rodriguez et al., 2020) or Zn2Al:PSA from 10
10

 to 10
9
 .cm

2
 after 21 days 

(Ding et al., 2023). Some authors use a mixture of carriers such as LHS (Zn based):MoO4
2-

 

and Zn2Al:C12H22O14
2-

 that efficiently inhibit the progress of corrosion after long-term period 

as long as 4 months (Leal et al., 2023), however the initial modulus of the impedance is found 

lower for the composite coating 2.10
8
 .cm

2
 than for epoxy itself (4.10

9
 .cm

2
) and this is 

reverse after 21 days EP and EP composite of 5.10
4
 .cm

2
 and 2.10

5
 .cm

2
, respectively. 

Such long-term properties are explained by the deposition of the corrosion product in the 

damaged zone, one should note that the inhibitors free of cargo, M+G, behave quite well 

(Leal et al., 2023). In some cases, |Z| at 10
-2

Hz is found to increase as for epoxy with 

Gr@PMIH from 1.6 10
8
 to 3.2 10

8
 .cm

2
 after 21 days, then to decrease after for more 

prolonged times.  

 

Figure 7 shows the macrographs of the samples after immersion in the neutral chloride 

solution. Some blisters and/or whitish spots are observed for all samples which could suggest 

water uptake. For the coating without LDH-EDDS (fig. 7a), there were numerous spots of 

blisters uniformly distributed all over the entire immersed surface, suggesting some water 

uptake from the damaged coating. Some reddish-brown spots emphasizing the presence of the 

corrosion process are also visible. From results and observations presented in figures 6 and 7, 
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for this coating free of LDH-EDDS, the electrolyte diffuses easily through its thickness 

without any hindrance causing de-bonding, and consequently early degradation of coating 

barrier properties (Duval et al., 2002; Le Thu et al., 2006).  

 

Figure 7: Macrographs of the samples after different immersion times in 0.1M NaCl 

electrolyte: (a) without LDH, (a) with 0.25 % LDH, (c) 0.75 % LDH and (d) 1.25 % LDH. -

containing coating. The black circle marks the surface in contact with the aqueous solution. 

When LDH-EDDS is incorporated into the epoxy coating, the surface state is different 

compared to the coating without LDH-EDDS. Whitish precipitates are observed which could 

be attributed to the interaction between the electrolyte and the LDH themselves. For 0.25 % 

LDH-containing coating (Fig. 7b), the whitish spots were less than that of the LDH-free 

coating, suggesting weaker interactions between epoxy and electrolyte. It is interesting to 

observe that the whitish spots are distributed randomly compared to the reference. This 
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suggest that the presence of 0.25 % LDH-EDDS limits the diffusion of electrolyte to some 

extent and acts locally as inhibitive specie. However, reddish-brown corrosion spots were also 

observed and attributed to insufficient amount of LDH-EDDS, which could explain the 

decrease in the impedance modulus after 3 days of immersion (Jagtap et al., 2022). The 

presence of 0.75% LDH-EDDS gives the highest impedance modulus values after 21 days of 

immersion, with no colored visible corrosion spots, except some whitish spots (Fig. 7c). This 

coating demonstrates superior protection in agreement with its impedance modulus which 

could be attributed to optimum amount of LDH-EDDS (Wang et al., 2019). The surface state 

of the coated sample containing the highest content of LDH-EDDS is characterized by some 

black spots of corrosion signatures and a large reddish-brown corrosion product (Fig. 7d). 

This suggest that 1.25 % LDH-EDDS concentration could cause severe corrosion instead of 

protection (Jagtap et al., 2022). That could be attributed to LDH-EDDS particles 

agglomerating together and creating more defects (Cao et al., 2022a). In addition, higher 

concentration of LDH-EDDS could lead to excessive leaching of EDDS which could cause 

osmotic pressure and blistering (Wang et al., 2019; Yeganeh et al., 2019). From these results, 

the best candidate is the coating loaded with 0.75% of LDH-EDDS.  

 

Impedance diagrams obtained for both coated systems immersed in 0.1 M NaCl solution as a 

function of immersion time are presented in figure 8 in Bode coordinates. The shape of the 

impedance diagrams at high frequency range indicates a Constant-Phase-Element (CPE) 

behavior, which is defined by a constant phase angle  < -90° (Mahdavian and Attar, 2006). 

The frequency range attributed to the CPE behavior is smaller for the sample unloaded with 

LDH (Fig. 8a) compare to the sample containing 0.75% LDH (Fig. 8b). It is interesting to 

note that the high frequency part of the impedance diagrams remains superimposable with 

immersion time for both samples. The impedance measurement in low frequency range is not 
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stationary for the sample containing LDH for immersion time less than 21 days. After this 

time, the shape of the phase as a function of the frequency is similar to that of the LDH-free 

sample for shorter immersion times. In parallel, the impedance modulus at low frequency was 

relatively high for the sample with 0.75% LDH-EDDS ( 10
11

-10
10

  cm²) by comparison 

with the LDH-free coated plate ( 10
9
  cm²), indicating the highest barrier properties for the 

coating loaded with LDH. The low frequency part of the Bode diagrams is attributed to the 

carbon steel/electrolyte interface. For epoxy systems, the presence of a Constant-Phase-

Element (CPE) is attributed to the presence of pores and/or free volume in the 

macromolecular network, which lead to hydration of the coating via permeation of the 

electrolyte through the epoxy matrix.  

 

 

Figure 8: Bode impedance diagrams obtained during time for: (a) the LDH-free and (b) the 

0.75%-LDH sample in the 0.1M NaCl solution. 

The dielectric properties of epoxy coatings are affected by the hydration of the epoxy matrix 

during immersion time. Thus, the CPE behavior observed for conventional epoxy coatings has 

been attributed to a normal distribution of the properties explained by a power law 

distribution of the resistivity along the coating thickness. The power law model (PLM) 

proposed by Hirschorn et al. (Hirschorn et al., 2010a; Hirschorn et al., 2010b) has been 
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successfully used for analysis of impedance diagrams for epoxy coatings (Musiani et al., 

2014; Nguyen et al., 2015; Nguyen et al., 2016; Amand et al., 2013; Chen t al., 2016). Table 2 

summarizes the representative parameters obtained for both coatings using the PLM. The 

impedance data were fitted from 10
5
 Hz to 0.1 Hz. The CPE parameter  was graphically 

determined from the phase vs frequency representation on the plateau in high frequency range 

( = - / 90°, (Orazem et al., 2006). The capacitance was graphically determined, and finally 

the permittivity of the coating was determined using equation 2, with the same procedure as 

before for the data obtained in dry condition. The resistivity at the interface between the 

carbon steel and epoxy coatings (0) was determined by the fitting with Simad software 

provided by LISE CNRS Paris. 

The resistivity at the epoxy coating/electrolyte interface () was determined using equation 3, 

where the capacitance is defined as (Hirschorn et al., 2010a): 

           
                                                                                                                       

(3) 

Here, 

  
     

 

    
                                                                                                                                    

(4) 

And the function g, depending on  value, allows to adjust the model, is given by: 

         
 

   
 
      

                                                                                                         

(5) 

 and Q are the CPE parameters, is the permittivity of the coating, and 0 is the vacuum 

permittivity. The parameters  and  are the coating thickness and the angular frequency, 

respectively. The swelling by the water uptake is neglected. Thus, the thicknesses  used to 
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obtain the resistivity profiles are equal to 80 µm. From resistivities, the frequency domain of 

application of the model is defined by the characteristic frequencies f0 and f (Hirshorn et al., 

2010a; Hirschorn et al. 2010b): 

   
 

       
                                                                                                                                 

(6) 

and 

   
 

       
                                                                                                                                

(7) 

It appears that the PLM is valid for the domain of frequencies between almost 10
5
 Hz and 0.1 

Hz. These results clearly indicate that the PLM can be used to analyze the CPE behavior 

observed for these two coatings. Figure 9 shows the good agreement between the 

experimental and fitted impedance diagrams.  

 

Table 3: Parameters obtained by graphical method, calculation and by fitting procedure. 

Coating Time  


c
 

 

(Hirshorn et 
al., 2010a) 

Q
c 

/10-10 


-1

 cm
-2

 s


 

(Hirshorn et 
al., 2010a) 

C
∞ 

/10-10 

F cm
-2

 
from (1) 

ε
C
 

from (2) 

/  

/ 105  cm 

from (4) 


c
 

by fitting 

/
 

/ 105  cm 

by fitting 


0
  

/ 1011  cm 
by fitting 

f



/ 105 Hz 

from (7) 

f
0
 

/Hz 

from (6) 

0 %  

2 h 0.98 2.13 1.61 14.55 6.33 0.98 6.88 1.65 1.8 0.75 

1 d 0.98 2.50 1.81 16.36 0.66 0.98 1.13 1.82 9.7 0.60 

7 d 0.98 2.30 1.77 16.00 1.43 0.98 1.12 0.49 10.0 2.29 

21 d 0.98 2.27 1.61 14.55 2.62 0.98 1.12 0.26 11.0 1.10 

0.75 %  

2 h 0.98 1.19 9.20 8.31 33.3 0.97 59.2 19.7 0.37 0.11 

1 d 0.98 1.25 9.70 8.77 39.9 0.97 47.6 18.2 0.43 0.11 

7 d 0.98 1.31 1.01 9.13 27.5 0.97 36.4 16.1 0.54 0.38 

21 d 0.98 1.34 1.03 9.31 23.0 0.97 29.9 7.44 0.65 0.26 
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Figure 9: Fit result from power law model for experimental high frequency part of the 

impedance diagrams obtained after 2 h of immersion for both coatings. 

 

Figure 10 shows the resistivity distribution obtained for both coated samples. The shape of the 

resistivity profiles similar. The resistivity at coating / electrolyte interface is decreasing with 

time, but slower for the 0.75% LDH coating. The value of 0 remains higher for the coating 

loaded with LDH-EDDS (Fig. 10b) by comparison with the reference coating (Fig. 10a). 

Moreover, the coating thickness characterized by the constant resistivity is higher when the 

coating contains LDH-EDDS. This behavior can be related to the presence of LDH in the 

epoxy network, which lead to microstructure variation of the epoxy network (Rodriguez et al. 

2020). The permittivity of pure epoxy coatings reaches around 14 immediately after 

immersion, with only slight variation over time. This means that water penetrates the coating 

very quickly. In the presence of 0.75% of LDH-EDDS, water uptake is limited from 

immersion ( = 8.31) and its kinetics is limited over time;  reached 9.31 after 21 days of 

immersion (table 3). It can be related to the presence of LDH which seal the porosities and 

therefore limits water sorption (Jagtap et al., 2022).  
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Figure 10: Resistivity distribution in the coatings thicknesses according to a power law: (a) 

epoxy coating without LDH and (b) with 0.75% of LDH-EDDS. 

 

The experimental approach used is interesting because it allows both the barrier properties of 

the coating and the reactivity of the coated carbon steel to be considered. However, the 

electrochemical response is complex to interpret, as the corrosion that develops in steel coated 

with pure epoxy coating can render the delicate resistivity profile interpretation at the carbon 

steel/coating interface, characterized by the resistivity , which must take into account the 

local modification of the electrolyte in contact with the carbon steel. However, the values 

reported in table 3 show that when the epoxy matrix contains 0.75% LDH-EDDS, the barrier 

properties are improved, mainly by increasing the tortuosity of the polymer network. In 

addition, once LDH comes into contact with diffusing water, Cl
-
 ions are captured, slowing 

down the release of EDDS
4-

 anions, on the one hand, and the subsequent dissolution of 

Zn(OH)2 hydroxide sheets, on the other hand. These two released species, EDDS
4-

 and Zn
2+

, 

under the effect of mass transport, adsorb onto the carbon steel, protecting it from corrosion, 

as shown in figure 7c after 21 days of immersion in 0.1 M NaCl electrolyte. 
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The [Zn2Al(OH)6]
+
[EDDS]

4-
0.25 . 2H2O LDH incorporation in epoxy matrix is very interesting 

by playing a role on three fundamental points in corrosion protection of carbon steel: 

 the tortuosity of the polymer network is increasing, delaying the diffusion of water, 

  in the chemistry of the electrolyte that diffuses into the polymer network, capturing 

aggressive ions,  

 and as a corrosion inhibitor through its synergistic effect on carbon steel, as shown in 

previous work (Ayemi et al., 2021). 

Figure 11 summarizes the corrosion inhibition mechanism for the sample containing the 

optimum LDH-EDDS content. 

 

 

Figure 11: Schematic representation of the corrosion inhibition mechanism offered by LDH-

EDDS in epoxy matrix under water-uptake: (a) dry coating, (b) at early stage of immersion 

and (c) at long immersion time in neutral chloride aqueous solution. 
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Conclusion  

In this work, epoxy systems containing double hydroxide layers 

[Zn2Al(OH)6]
+
[EDDS]

4-
0.25 . 2H2O were developed as anticorrosive coatings for XC38 carbon 

steel. The water-barrier properties of these new materials were evaluated using 

electrochemical impedance measurements performed in a neutral chloride solution. The 

thicknesses of the coatings were not strictly homogeneous as some defects were visible on the 

surface of the carbon steel plates. Nevertheless, by selecting the test surface, it was shown that 

the electrochemical behaviors of the samples were depending on LDH content. The best 

candidate was the 0.75 % LDH-containing coating, for which the barrier properties were 

compared to the reference sample (without LDH). The power law model was used and the 

obtained resistivity profiles showed a higher resistivity at the carbon steel/coating and 

coating/electrolyte interfaces during time for the LDH-EDDS-loaded coating compared to the 

one without hybrid filler. The associated value of |Z| at low frequency places Zn2Al:EDDS as 

one of the best LDH filler as a protective barrier against the corrosion so far, this without 

using a combination of compounds and/or sophisticated methods in elaborating its hybrid 

organic-inorganic framework while keeping a straightforward and sustainable approach. This 

behavior can be explained by the presence of LDH-EDDS platelets having as an effect to 

increase the tortuosity of the diffusion paths of water, as well as to capture of Cl
-
 ions through 

a combined release of some Zn
2+

 cations and of all the initially interleaved EDDS
4-

 anions, 

altogether acting in synergy to form an organometallic at the carbon steel surface.  
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