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Highlights

 An anticorrosive coating with a synergistic action of two anticorrosive 

mechanisms.

 The presence of LDHs layered structure hinders the diffusion of corrosion 

ions through the coating layer and stops corrosion ions from reaching the 

metal substrate immediately.

 Triphosphate ions in STPP-LDHs can exchange with corrosive ions such as 

Cl− to trap them in the interlayers of LDHs, reducing the amount of ions in 

the coating layer for metal corrosion.



Graphical Abstract

Scheme 1 Schematic diagram of the anti-corrosion mechanism by STPP-LDHs in EP coatings

the anti-corrosion mechanism of STPP-LDHs fillers in the EP coating layer as 
illustrated in scheme 1. Firstly, the presence of LDHs layered structure hinders the 
diffusion of corrosion ions through the coating layer and stops corrosion ions from 
reaching the metal substrate immediately. Secondly, triphosphate ions in STPP-LDHs 
can exchange with corrosive ions such as Cl− to trap them in the interlayers of LDHs, 
reducing the amount of ions in the coating layer for metal corrosion. Finally, the 
released tripolyphosphate ion can act as the chelating agent, initiating the passivation 
of the metal surface via complexation which makes metals avoid erosion by corrosion 
ions.
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ABSTRACT

Waterborne epoxy (EP) coatings were modified by incorporating sodium tripolyphosphate pillared layered double 

hydroxides (STPP-LDHs) to improve their anticorrosion ability for steel structures. The structural and morphological 

properties of STPP-LDHs in reference to LDHs were studied comprehensively using Fourier transform infrared 

spectroscopy (FTIR), X-ray diffraction (XRD), thermo-gravimetric analysis (TGA) and scanning electron microscopy 

(SEM), showing the successful intercalation of tripolyphosphate ions within the interlayers of LDHs. The corrosion 

resistance of the EP surface coatings on the mild carbon steel was assessed by the electrochemical impedance 

spectroscopy (EIS) and salt spray test, showing the improved anticorrosion performance of the STPP-LDHs modified 

EP coatings compared to neat EP and LDHs modified EP coating. The results obtained under the controlled corrosive 

environment (with NaCl solutions) showed that the specimen coated with EP containing 1.0 wt.% STPP-LDHs 

exhibited the optimum anticorrosion performance among other specimens studied. In addition, STPP-LDHs(1.0%)-EP 

showed the highest impedance value of EP composite coating of 6.019×108 Ω·cm2, surpassing the state-of-the-art 

composite EP coatings.

Keywords: Waterborne epoxy (EP) coating; Anticorrosion; Layered double hydroxides (LDHs); Sodium 

tripolyphosphate (STPP); electrochemical impedance spectroscopy (EIS)

Introduction

Epoxy (EP) resins, due to their outstanding performance in terms of excellent chemical resistance to many 

chemical compounds and great adherence to many substrates, are widely used as the corrosion protection for metallic 

structures/surfaces [1]. Due to the stringent VOCs emission regulation and the requirement of the safer working 

environment, the use of solvent‐based coatings is limited in nowadays [2], leading to the development of waterborne 

epoxy resin with insignificant environmental impact [3]. Despite the properties above, the application of waterborne 

epoxy coatings often suffers from their disadvantages such as poor barrier properties, leading to electrochemical 

corrosion [4,5]. The barrier property, and enhance the corrosion resistance, of waterborne epoxy coatings can be 

improved by the inclusion of appropriate fillers, such as nanocarbons [6], nanosilicates [7] and organoclay [8].

In our previous work, layered Na-montmorillonite (Na-MMT) [9], mesoporous MCM-41 silica nanoparticles [9,10] 

and polyethylenimine (PEI) modified meso-TiO2 [4] were employed as the fillers to develop composite epoxy 

coatings which showed the improved barrier property and corrosion resistance. The results evidenced the effective 

role of these functional fillers in the coating body to inhibit the corrosion processes. For example, PEI modified meso-

TiO2 was shown to enhance the interaction with EP to increase the crosslink density of the coating, hindering the 

transport of corrosive electrolytes through the coating layer [4]. Recently, nanoscale lamellae such as graphene oxide 

with lamellar structure were explored as well for improving the corrosion resistance of coatings. It was found that the 

lamellar structure of graphene is able to impede the transfer of electrolytes in the coating body and block the 



micropores, which are formed in the curing process of waterborne epoxy resin by evaporation of water [11].

Layered double hydroxides (LDHs), also known as hydrotalcite-like compounds (HTlc) [12], have the unique 

lamellar structure (similar to graphene) with high metal dispersion [13]. They are excellent anion exchange materials 

consisting of stacks of positively charged, mixed-metal hydroxide layers, between which anionic species and solvent 

molecules are intercalated [13]. LDHs, especially the thermally activated LDHs [14], are excellent anticorrosion 

materials because their positively charged layered structures can easily intercalate different anions such as chloride 

(Cl−) and sulfate (SO4
2−) which are well-known aggressive corrosive anions. In addition to the ability to hold the 

corrosive anions in their layered structures, LDHs are also capable of encapsulating and releasing (in the controlled 

manners) corrosion inhibitors, providing them with supplemental advantage for anticorrosion [15]. There are 

emerging reports on the corrosion resistance of coatings by using the ion exchange characteristics of hydrotalcite [16-

23]. For example, the Zn2Al/-V10O28
6− LDHs are able to release the decavanadate in the amide-cured bisphenol epoxy 

resin during the ion exchange reaction of capturing chloride [16]. Intercalated species contain inorganic and organic 

substances, such as: MoO4
2−, decavanadate, aniline, benzene derivatives, 2-mercaptobenzothiazolate anions, 

tripolyphosphates, vanadate 2-benzothiazolythio-succinic acid and 2-hydroxyethyl phosphate [16-23]. Among these, 

tripolyphosphates (TPPs), especially sodium tripolyphosphate (STPP), are readily available with low toxicity and 

insignificant environmental effects. Additionally, TPPs are known as efficient corrosion inhibitors owing to their 

abilities to bind strongly to metal cations as both a bidentate and tridentate chelating agent [24-26]. Both calcium and 

zinc TPP have shown to chelate with iron ions at anodic sites of steel surface to form the ferric tripolyphosphate 

insoluble protection layer via the complexation reactions [27].

Hence, in anticorrosion applications, TPPs have been regarded as good candidates to replace the conventional 

pigments, such as lead or chromium, which are toxic to human and not environmentally friendly [27]. Therefore, the 

development of LDHs/TPPs composites for anticorrosive applications is rational to benefit from the ion exchange 

ability of LDHs and the anticorrosion properties of LDHs and TPPs. Previous studies have shown the positive effect 

of sodium tripolyphosphate (STPP) intercalated hydrotalcite on the flame retardancy of STPP modified coatings 

[28,29]. However, the investigation of TPPs intercalated LDHs composites for anticorrosion applicaions has not yet 

been conducted.

In this paper, we present the development of tripolyphosphate intercalated hydrotalcite composites as 

anticorrosion fillers in waterborne epoxy coatings to improve its barrier property, and enhance the corrosion resistance. 

Sodium tripolyphosphate (STPP) is used to intercalate with magnesia aluminum hydrotalcite [30] (MgAl-LDHs, 

denoted as LDHs in the following context) via the coprecipitation method to prepare STPP pillared LDHs (i.e. STPP-

LDHs). Subsequently, STPP-LDHs and LDHs (as the reference filer) and are used as the filler to modify waterborne 

epoxy resin (by physical blending with different weight percentage of fillers) as anticorrosive coatings for the mild 

steel substrate. Comparative corrosion tests under the controlled environment with NaCl solutions are also performed 

to evaluate corrosion resistance of coatings including neat, LDHs modified and STPP-LDHs modified epoxy resin.

Materials and Methods

Materials. Sodium tripolyphosphate (analytical reagent, 98%, Mw = 367.86) and aluminum nitrate (analytical 

reagent, 99.0%, Mw = 375.13) were purchased from Shanghai Macklin Biochemical Co., Ltd. Magnesium nitrate 

(analytical reagent, Mw = 256.41) was supplied by Tianjin Damao Chemical Reagent Tactory. Sodium hydroxide 

(analytical reagent, Mw = 40.00) was supplied by Tianjin European Bokai Co., Ltd. Waterborne epoxy resin (AR555) 

and curing agent (anquamine 419) from Air Products and Chemicals, Inc. were used to prepare the filler/paint 

composites in this work.



Synthesis of STPP-LDHs. STPP-LDHs composites were prepared using a co-precipitation method. In a typical 

synthesis, 21.4 mmol Mg(NO3)2•6H2O and 10.7 mmol Al(NO3)3•9H2O were dissolved in 45 ml deionized water to 

form a homogeneous solution (denoted as the solution A, Mg:Al = 2:1) at ambient temperature. Subsequently, the 

solution B was prepared by dissolving 68.3 mmol NaOH and 12.78 mmol Na5P3O10 in 45 ml deionized water at 

ambient temperature and inert atmosphere (the deionized water was boiled to remove dissolved carbon dioxide and 

kept at 25 °C for use). Then, solutions A and B were simultaneously added dropwise to a beaker containing 90 ml 

deionized water until the pH value of the final mixture was adjusted to 9~10. The resulting mixture was stirred (at 300 

ppm and 70 °C) for 7 h to give the white paste, which was transferred into a reaction kettle and crystallized at 70 °C 

for 24 hours. After crystallization, a brown precipitate was formed and collected by centrifugation, and then washed 

three times with the water/ethanol mixture (100 ml for each wash, v/v = 4. The collected samples were dried in an 

oven at 55 °C overnight and ready for use.

Preparation of the composite coatings. Composite coatings were prepared of waterborne epoxy resin with fillers 

of STPP-LDHs (at various quantity, weight percentage, as shown in Table 1). After milling, the curing agent and 

deionized water were added into the mixture; then the mixture was stirred for another 20 min (at 120 ppm by the 

magnetic stirrer) to give the final composite coating. In this work, the parent coating (i.e. the neat epoxy) and the 

composite coating with the LDHs filler were also prepared as the reference materials for comparison (Table 1).

To prepare the surface of the steel substrate (with rounded corners/edges), steel substrates were firstly polished by 

the fine emery paper, then washed with acetone and dried at 40 °C for further use. The prepared steel substrates were 

painted by a compressed air sprayer (using the samples in Table 1) and cured at room temperature. After the 

solidification treatment of the paint coated steel substrates, the thickness of the coating was measured by a Qnix4500 

digital meter, showing that the average coating thickness is 30±5 µm. The final coated specimens were kept in a 

desiccator for a week before any tests.

Table 1. Composite coating formulation with LDHs and STPP-LDHs.

Samples Waterborne epoxy resin (g) Pigment (g) Curing agent (g) Deionized water (g)

Neat EP 20 - 10 10

LDHs(1.0%)-EP 20 0.2 10 10

STPP-LDHs(0.5%)-EP 20 0.1 10 10

STPP-LDHs(0.7%)-EP 20 0.14 10 10

STPP-LDHs(1.0%)-EP 20 0.2 10 10

STPP-LDHs(1.5%)-EP 20 0.4 10 10

Characterization of materials. Fourier transform infrared spectroscopy was performed on Nicolet MNGNA-

IR560 instrument (Thermo Fisher Scientific, USA) with 4 cm−1 resolution. X-ray diffraction patterns were recorded 

on D/max-2500PC X-ray diffractometer (Rigaku, Japan), using CuKα radiation at 50 kV and 200 mA with a scanning 

rate of 1° min−1 by 0.01 steps. Thermalgravimetric analysis (TGA) was conducted under nitrogen (N2) flow (heating 

rate = 10 °C min−1) on a NETCH STA449C thermogravimetric analyzer (NETZSCH, Germany). The morphology of 

LDHs and STPP-LDHs was examined by scanning electron microscopy (SEM) using a JSM-6360LV SEM (JEOL, 

Japan).

Evaluation of anticorrosion performance of coatings. Electrochemical impedance spectroscopy (EIS) of 

coatings was performed using a Metrohm electrochemical workstation (Autolab 84362 with ZSimpwin software) to 

verify the effect of the developed fillers on the anticorrosion performance of epoxy coating (30±5 μm thickness, 9.6 

cm2 measurement area) on the mild steel substrate. The impedance measurement was carried out at room temperature 



in 3.5 wt.% NaCl solution, and the experimental data were normalized with respect to 1 cm2. Under the open circuit 

potential, the test system consisted of a three-electrode cell, which was made up of a saturated calomel electrode (SCE, 

as the reference), a platinum electrode  (as the counter) and a coated coupon (as the working electrode). Repeated 

measurements were conducted (at least three times) with the coatings used in this work, showing that the values were 

reproducible to better than ±2%. Impedance spectra of coupons after different immersion times were recorded in 10−2 

to 105 Hz frequency range, with the sinusoidal alternating potential signal of 10 mV.

The corrosion test of the coated specimens was also carried out by the neutral salt spray test. The condition used 

by the salt spray apparatus (YWα/Q-150) was according to the one specified by ASTM B117[31], i.e. continuous 

spraying with 5.0 wt% NaCl solution at 35±2 °C. The surface of the test specimens was inspected and the degree of 

rusting was rated by visual examination of the test specimens after 720 h.

Results and discussion

Characterization of LDHs and STPP-LDHs. The synthesized LDHs and STPP-LDHs were characterized 

comparatively using various techniques. FTIR spectra of the samples are shown in Figure 1a, revealing that LDHs 

(red solid line in Figure 1a) have the characteristic IR fingerprints of MgAl hydrotalcites [32]. For STPP-LDHs (as the 

black solid line in Figure 1b1a), in addition to the bands related to hydrotalcite (i.e. at 3445, 1636 and 668 cm−1, 

respectively), relevant bands associated with P-O vibrations were also identified. Specifically, they are (i) the 

antisymmetric stretching vibration of P-O at around 1129 cm−1, (ii) the P-O symmetrical telescopic vibration at 1047 

cm−1, (iii) the P-O-P asymmetric telescopic vibration at 920 cm−1 and (iv) the O-P-O deformation harmonic vibration 

at 569 cm−1 [33].

Figure 1 (a) FTIR spectra, (b) XRD patterns and (c) TGA of LDH and STPP-LDHs.

XRD analysis of LDHs and STPP-LDHs (Figure 1b) shows that (003), (006), (009) and (110) facets, i.e. the 

typical diffraction peaks of hydrotalcite, are present in both materials, suggesting that the intercalation of STPP in 

LDHs did not destroy the overall crystal structure of LDHs. The (003) planes represent the interlayers of hydrotalcite 

and the associated diffraction peak, interpreting the spacing of the interlayers [17]. After the intercalation of STPP, the 

position of (003) diffraction peak shifted from 11.60° to 9.63°. According to the Bragg's law [34], the shift to the 

lower 2θ represents an increase in the interlayer spacing, specifically, from 0.762 nm for LDHs to 0.963 nm for STPP-

LDHs. Therefore, the intercalation of STPP ions in LDHs can improve the layered structure by increasing the 

interlayer spacing, and hence the porous structure of STPP-LDHs. In addition, the d spacing values of (003), (006) 

and (009) of STPP-LDHs correlate linearly, indicating that STPP-LDHs possess a more regular layered structure than 

LDHs.

The thermal decomposition behavior of LDHs and STPP-LDHs were analyzed by TGTGA, as displayed in Figure 

1c. Both materials show the two-stage weight loss under the inert atmosphere (N2). The first stage of weight loss 



terminates at about 230 °C, which can be attributed to the rejection of the adsorbed water from the interlayers of these 

materials. LDHs and STPP-LDHs showed the comparable weight losses of 14.5% (for LDHs) and 16.0% (for STPP-

LDHs), indicating that LDHs and STPP-LDHs have the similar capacity of water adsorption. The second stage of 

weight loss from 230 to 500 °C was caused by condensation and dehydration of hydroxyl groups on the hydrotalcite 

laminates. It was found that the weight loss of STPP-LDHs (about 16.1%) is less than that of LDHs (about 27.2%), 

which indicates the occupation of interlayer space by the triphosphate ions after the intercalation, resulting in a 

reduced capacity of hydroxyl adsorption. After 500 °C, the weight loss of the two substances was insignificant. The 

residual mass of STPP-LDHs (64.9%) was greater than that of LDHs (54.9%) which was owing to the inclusion of 

tripolyphosphate in STPP-LDHs. 

SEM/EDS analysis was also performed (Figures 2 and 3). A SEM image of LDHs was presented in Figure 2a, it 

was shown that LDHs had the interlayer, and the porous structure, which was characteristic of hydrotalcite. As can be 

seen from figure 2b, STPP-LDHs possessed a more regular layered structure than LDHs(Figures 2a). This was 

primarily due to the presence of STTP ions. Similarly, the presence of element phosphorus in the STPP-LDHs sample 

was also illustrated in figure 3(EDS), and the content reaches 13.08wt%. In summary, based on the comparative 

characterization of LDHs and STPP-LDHs, one can confirm that P3O10
5− was successfully inserted into the interlayer 

of the hydrotalcite, forming STPP-LDHs.

Figure 2 SEM images of the as-prepared (a) LDHs and (b) STPP-LDHs samples (×10000).

Figure 3 EDS analysis of the as-prepared (a) LDHs and (b) STPP-LDHs samples.

Corrosion testing of composite coatings using EIS. EIS measurements for the coated mild steel specimens were 

performed by immersing them in 3.5 wt.% NaCl solution for a total 1,080 h. The Nyquist plots were collected 0 h, 540 

h and 1,080 h after immersion, as exhibited in Figure 4, showing that the diameters of capacitance arcs are 

proportional to impedance modulus [35,36].

Figure 4a shows Nyquist diagrams of various as-prepared coatings (i.e. immersion time = 0 h). For neat EP 

coatings, their coating resistance at the low frequencies (1~0.1Hz) was higher than 3.5×107 Ω·cm2 (inset of Figure 4a). 



After the 540 h immersion, the impedance value of neat EP decreased sharply, suggesting that the electrolyte solution 

can penetrated through the coating through the micropores (formed due to curing) and reach surface the interface of 

metal matrix. At this stage, the transport rate of electrolyte solution entering the coating layer via the micropores was 

much slower than the rate of electrolyte generating corrosion products at the coating/metal interface. Therefore, the 

process of corrosion was affected by the molecular diffusion of corrosion products into the solution. By further 

extending the immersion treatment to 1080 h, the impedance of neat EP coating decreased again. At this stage, the 

electrolyte solution has penetrated the coating layer, hence the accelerated corrosion process due to charge transfer 

[37,38]. For the as-prepared LDHs(1.0%)-EP coating, the measured capacitive semi-circles are much larger than that 

obtained for neat EP coating (Figure 4a), suggesting the improved barrier property of coatings [39] by modifying EP 

resin with 1 wt.% of LDH. By aging the LDHs(1.0%)-EP coated specimen in 3.5 wt.% NaCl solution, the impedance 

values of the LDHs(1.0%)-EP decreased as well, but still being higher than that of neat EP resin, as shown in figures 

4b and 4cFigs, 4b and 4c. Therefore, it was proved that the addition of LDHs (1 wt.%) could improve the barrier 

ability of EP resin coating effectively.

Coatings by STPP-LDHs-EP composites demonstrated the obviously improved barrier ability referencing to the 

neat EP and LDHs-EP coatings. Figure 4 shows that, under all conditions, the radius of capacitive semi-circle of the 

coating containing STPP-LDHs was much higher than the two control systems. These findings proved that the 

intercalation of tripolyphosphate ions with LDHs can effectively boost the anticorrosion ability of waterborne EP 

resin, as well as surpassing the LDHs modified EP resins [27]. Although the immersion corrosion test after long hours 

reduced the resistance value of all coatings inevitably (by comparing the data in Figures. 4b and 4c to the data in 

Figure 4a), STPP-LDHs-EP coatings still showed the comparatively superior barrier abilities than the reference 

coatings. Among STPP-LDHs-EP coatings, STPP(1.0%)-LDHs-EP was measured with the best resistance 

performance in all three tests.

Figure 4 Nyquist diagrams of the six coatings at immersion times of (a) 0, (b) 540 and (c) 1080 h in 3.5 wt.% NaCl 

solution (insets: equivalent circuits and Nyquist diagrams for neat EP coatings).

Equivalent circuits: 

1

1 1Model 1: 
pR R

 (S1)

1 2

1 1Model 2: 
pR R R


 (S2)

1 2

1 1Model 3: 
pR R R


 (S3)

where Rp represents the polarization resistance Rs represents the solution resistance, W represents the diffusion 

resistance, R1 and R2 represent the resistors in the circuits and Cx represents the conductor in the circuits [40]. W 

appears because the corrosive ions transports in the solution via diffusion in the process.



Figure 5 Equivalent electrical circuits proposed for the coatings.

Table 2. Parameter values obtained from the simulation circuit for the coatings immersed in 3.5 wt.% NaCl 

solution up to 1080 h.

Samples
Time

(h)

Rs 

(Ω·cm2)

R1 

(Ω·cm2)

C1 

(F/cm2)

R2 

(Ω·cm2)

C2 

(F/cm2)

W 

(Ω·cm2)
Model

0 11.91 1.39×107 1.19×10−9 4.42×107 9.8×10−10 - 2

540 12.68 7.62×105 1.55×10−9 2.76×106 2.12×10−9 9.41×10−7 3
Neat 

EP
1080 12.35 5.36×105 1.77×10−9 1.05×105 2.12×10−9 9.41×10−8 3

0 14.49 3.91×107 7.94×10−10 6.81×107 3.29×10−10 - 2

540 10.00 3.93×106 7.25×10−10 1.14×107 9.75×10−9 - 2LDHs(1.0%)-EP

1080 10.72 1.81×106 5.67×10−10 2.69×106 4.37×10−10 - 2

0 14.07 1.91×108 7.77×10−10 - - - 1

540 10.79 2.36×107 5.13×10−10 3.48×107 2.58×10−10 - 2
STPP-LDHs(0.5%)-

EP
1080 10.84 4.63×106 5.65×10−10  1.00×106 5.13×10−10 - 2

0 12.35 3.42×108 7.91×10−10 - - - 1

540 10.71 2.53×107 4.21×10−10 3.91×107 4.51×10−11 - 2
STPP-LDHs(0.7%)-

EP
1080 10.72 4.91×106 5.06×10−10 1.01×106 6.22×10−10 - 2

0 11.20 6.01×108 4.85×10−10 - - - 1

540 10.77 3.54×107 1.22×10−10 4.16×107 9.75×10−9 - 2
STPP-LDHs(1.0%)-

EP
1080 11.34 3.89×106 1.11×10−10 6.04×106 1.69×10−11 - 2

0 16.94 4.23×108 6.73×10−10 - - - 1

540 13.45 1.62×107 1.01×10−10 1.06×107 3.60×10−10 - 2
STPP-LDHs(1.5%)-

EP
1080 12.23 5.42×106 1.73×10−9 2.13×106 7.01×10−10 - 2

To quantify the corrosion resistance of samples under study from the immersion tests, we built three equivalent 

circuits to fit EIS data (Figure 5) [41] and the fitted results are shown in Table 2. since different models were used to 

fit different scenarios, it is not possible to compare the fitted results directly. Therefore, the polarization resistance 

(Rp), which is defined as the difference between the real impedance of the Nyquist plot at zero frequency and the 

solution resistance,[42] was calculated for comparison. The calculated polarization resistance of samples under study 

at immersion times of 0, 540, 1080 h (in 3.5 wt.% NaCl solution) is presented in Figure 6. Initially, STPP-LDHs(1.0%)-

EP coating showed the largest value of Rp of 6.009×108 Ω·cm2, whereas Rp values of the neat EP and LDHs(1.0%)-



EP coatings were relatively low, i.e. 4.425×107 and 1.071×108 Ω·cm2, respectively. By immersing the coated 

specimens in NaCl solution for 540 h and 1080 h, this trend was still true. The polarization resistance of all samples 

decreased after the immersion corrosion test, but STPP-LDHs-EP coatings still showed better anticorrosive property 

than the neat EP and LDHs(1.0%)-EP. For example, after 540 h immersion, STPP-LDHs-EP coatings have Rp values 

centered at 6.432×107 Ω·cm2 (standard deviation = 8.846×106 Ω·cm2), higher than 3.524×106 Ω·cm2 for neat EP and 

1.531×107 Ω·cm2 for LDHs(1.0%)-EP. Therefore, the findings so far confirm that (i) the lamellar structure of LDHs 

can increase the barrier property of epoxy coating and improve the anticorrosive property of coating,14 about seven 

folds after 1080 h immersion test (ii) the intercalation of tripolyphosphate in LDHs can enhance the anticorrosive 

performance of LDHs in coatings, about 12 folds after 1080 h immersion.

Figure 6 Polarization resistance of the six coatings at immersion times of 0, 540, 1080 h in 3.5 wt.% NaCl solution.

Bode plots of EIS data are shown in Figure 7. By adding fillers (LDHs or STPP-LDHs) into the coating, the 

corrosion resistance of coatings was improved, as shown in Figure 7a. The impedance (|Z|) value of the coating at a 

certain frequency is the indicator of the difficulty of ions traveling through the coating, i.e. the higher of (|Z|) value, 

the more difficult for ions to travel, and hence the better corrosion resistance of the coating [43]. For the as prepared 

samples, over the frequency range studied, the value of impedance (|Z|) of the neat coating is smaller than that of other 

coatings, indicating that LDHs and STPP-LDHs played a role in impeding the diffusion of corrosive ions through the 

coating to the metal surface. During the immersion corrosion test (Figures. 7b and 7c), the impedance value of neat EP 

and LDHs(1.0%)-EP coatings decreased evidently, especially at the low frequencies (<10 Hz), e.g. for neat epoxy 

coating from about 3.5×107 Ω·cm2 to 8.6×105 Ω·cm2 after 540 h of immersion. Clearly, the presence of STPP-LDHs 

fillers in the epoxy coating can improve the interfacial barrier of the composites, confirming the effectiveness of 

intercalating tripolyphosphate into LDHs to improve the corrosion resistance of the coating. It was also found that the 

amount of STPP-LDHs in the coating influences the. For the samples under study, the EP coating containing 1.0 wt.% 

STPP-LDHs showed the best anticorrosion performance highest over the entire frequency range.
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Figure 7 Bode plots of the coatings at immersion times of (a) 0, (b) 540 and (c) 1080 h in 3.5 wt.% NaCl solution.

Salt Spray Test. The relative corrosion-resistance information of the coated mild steel specimens (without 

artificial defects) was obtained by the salt spray test. After 720 h exposure to a controlled corrosive environment in the 

salt fog chamber (i.e. 5.0 wt% NaCl solution at 35±2 °C), the specimens were studied visually by comparing their 

optical images, as shown in Figure 8. We find that the specimen with neat epoxy resin coating was prone to corrosion 

and rusting in the salt spray test, leading to considerable rust formation, as shown in Figure 8a. The addition of 

layered materials into the epoxy resin paint coating can improve the anticorrosion ability of epoxy coatings. In 

comparison to the specimen coated with neat epoxy resin, the formation of rusty product on LDHs(1.0%)-EP coated 

specimen was suppressed, but the cloud rust spots were still formed due to pitting. Conversely, the specimens with 

STPP-LDHs modified epoxy coatings developed insignificant rusting after 720 h test. The effectiveness of 

triphosphate-intercalated LDHs to enhance the corrosion-resistance of the epoxy coating under study. The results 

demonstrate that the addition of STPP-LDHs in epoxy resin coating, especially STPP-LDHs(1.0%)-EP, could 

effectively suppress the occurrence and propagation of localized corrosion under a harsh controlled corrosive 

condition, which was consistent with the findings by EIS analysis. Generally, the anticorrosion performance of 

coatings can be improved by increasing the amount of anticorrosive fillers. However, the presence of too many fillers 

in the coating can also cause bulge particle defects due to the agglomeration of fillers (as shown in Figure 8f), 

deteriorating the anticorrosive performance.

Figure 8 Surface morphology of the coatings after the salt spray test for 600 h: (a) neat EP; (b) LDHs(1%)-EP; (c) 

STPP-LDHs(0.5%)-EP; (d) STPP-LDHs(0.7%)-EP; (e) STPP-LDHs(1.0%)-EP; and (f) STPP-LDHs(1.5%)-EP.

Based on the results obtained, the anti-corrosion mechanism of STPP-LDHs fillers in the EP coating layer was 

suggested, as illustrated in scheme 1. Firstly, the presence of LDHs layered structure hinders the diffusion of corrosion 

ions through the coating layer and stops corrosion ions from reaching the metal substrate immediately [44]. Secondly, 

triphosphate ions in STPP-LDHs can exchange with corrosive ions such as Cl− to trap them in the interlayers of LDHs, 



reducing the amount of ions in the coating layer for metal corrosion [13,15,45,46]. Finally, the released 

tripolyphosphate ion can act as the chelating agent, initiating the passivation of the metal surface via complexation 

which makes metals avoid erosion by corrosion ions [28,47,48]. The mechanism explains the improved corrosion 

resistance of STPP-LDHs-EP coatings in reference to neat EP and LDHs-EP coatings, as evidenced by the coating 

corrosion resistance test.

Scheme 1 Schematic diagram of the anti-corrosion mechanism by STPP-LDHs in EP coatings.

Conclusions

The anticorrosion ability of the waterborne epoxy (EP) coating can be improved by adding layered double 

hydroxides (LDHs) fillers. In this work, we demonstrated that (i) the modification of LDHs with tripolyphosphate ions 

(via the intercalation of sodium tripolyphosphate, STPP, into the layered structures of LDHs) is possible, giving 

STPP-LDHs and (ii) STPP-LDHs are good candidates to prepare EP based coatings with excellent anticorrosion 

performance. The successful intercalation of STPP with MgAl-LDHs was confirmed by FTIR, XRD, TGA and SEM 

characterization. STPP-LDHs modified EP coatings (i.e. STPP-LDHs-EP coatings) were prepared with different 

weigh percentages of the fillers (i.e. from 0.5 to 1.5 wt.%) and used subsequently for coating the mild steel samples 

for the corrosion tests under the controlled environment. Compared with the EP and LDHs(1.0%)-EP coated 

specimens, STPP-LDHs-EP coatings showed the significantly improved the corrosion resistance in the environment 

containing NaCl solutions, evidenced by the EIS (with 3.5 wt% NaCl solution) and salt spray test (with 5.0 wt% NaCl 

solution). Among the coatings under study, STPP-LDHs(1.0%)-EP was proved to have the best barrier property for 

anti-corrosion applications.
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