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Abstract: Diatomite (DME) consists of natural ordered porous structures that are excellent candidates as 

microcontainers. However, to the best of our knowledge, the application of DME loaded with corrosion 

inhibitors in anti-corrosion coatings has not hitherto been reported. In this study, DME has been used as a 

source of microcontainers to load benzotriazole (BTA) inhibitor by an immersion method. In order to prevent 

unwanted early release of the small molecule BTA inhibitor from the DME microcontainers, inspired by the 

adhesion characteristics of catechol and amine in mussel adhesion protein, polydopamine (PDA) was coated 

on their surfaces to generate BTA@DME/PDA microcapsules. Because of the depolymerization characteristics 

of PDA at low pH, the synthesize microcapsules showed a controllable release function. The SEM morphology, 

chemical structure, and loading capacity of the synthesized BTA@DME/PDA microcapsules were 

characterized. The corrosion resistances of epoxy coatings with different contents of BTA@DME/PDA 

microcapsules were compared by saline immersion and electrochemical impedance tests. A scratched coating 

with 5wt.% BTA@DME/PDA microcapsules showed the best anti-corrosion effect. 

Keywords: diatomite nanoporous microcontainers; pH-responsive microcapsules; anti-corrosion coatings 

 

1. Introduction 

Metals are widely used in everyday’ life. During the use of metal materials, they are commonly 
prone to corrosion due to factors such as unhindered access by air and facile damage to the material 

itself, resulting in functional failure [1]. Metal corrosion problems have a certain degree of impact on 

many aspects of daily life, and so need to be addressed urgently [2,3]. Traditional anti-corrosion 

methods include application of a protective layer on the surface of the substrate, but this only offers 

a passive barrier protection function when the coating is intact [4]. Once the coating is damaged by 

external stress or chemical corrosion, it will completely lose the intrinsic structure of the material and 

the original protection function [5,6]. Another traditional anti-corrosion method is to directly 

incorporate a corrosion inhibitor into the coating, prior to application on the metal surface of the 

metal substrate [7–9]. However, due to the detrimental effect on the curing reaction of the coating on 

its integrity, attempts to directly add corrosion inhibitors to improve the protective performance have 

met with limited access [10,11]. The idea of using nano/microcontainers to store inhibitors and 

embedding them into polymer matrices has been proposed, which endows the coating with self-

healing and anti-corrosion abilities. 

In recent years, research on microcapsules encapsulating corrosion inhibitors or healing agents 

has intensified [12–14]. Because of their ease of synthesis, low cost, and other advantages, it is clear 

that such microcapsules have great application prospects in the field of anti-corrosion [15]. At 

present, many nanomaterials with mesoporous structure, such as mesoporous silica and titanium 

dioxide, are used as micro-nano containers to encapsulate corrosion inhibitors such as benzotriazole 

(BTA) [16–18], and then the loaded microcapsules are incorporated into coatings to impart anti-
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corrosion properties. Diatomite (DME) is one of the important inorganic non-metallic mineral 

resources in China, with a large number of natural ordered porous structures [19]. The pore size is 

1.7–800 nm, and the porosity is as high as 80–90%. DME can absorb 1.5–4 times its own mass of water, 

and tits specific surface area is 1.0–65 m2/g [20]. DME has strong adsorption capacity, high toughness, 

high heat resistance, good acid resistance, and other favorable physical and chemical properties, and 

its cost is low [21–24]. In view of the huge reserves of natural DME, which typically has a layered 

porous structure, for this study, we used it instead of traditional mesoporous nanoparticles as the 

carrier for a coating corrosion inhibitor, which provides a new material for research in the field of 

anti-corrosive coatings. Spontaneous leakage and early release of corrosion inhibitors from 

nano/microcontainers is inevitable [25]. Therefore, there is urgent need to find a novel, simple, and 

green method to reduce the spontaneous leakage of low-molecular-weight inhibitors and to devise a 

stimulus responsive system. Many researchers have sought to apply pH-responsive films on the 

surface of nano/microcontainers loaded with corrosion inhibitors to obtain microcapsules showing 

pH-responsive release. 

For this study, DME was selected as the microcontainer to carry corrosion inhibitor, and the 

corrosion inhibitor BTA. Considering that this low-molecular-weight inhibitor would spontaneously 

leak and release prematurely from the microcontainers when they are incorporated into a coating, a 

protective layer was applied [26,27]. Inspired by the adhesive characteristics of catechol and amine 

in mussel adhesion proteins [28,29], we explored the use of polydopamine (PDA) to functionalize the 

microcontainers in this study. PDA is formed by the self-polymerization of dopamine (DA) [30]. The 

synthesis conditions are very simple, making the experimental process convenient. DA is a 

biomolecule with adhesion and corrosion inhibitor properties, that has been widely used for surface 

functionalization of various materials [31–38]. When PDA-functionalized microcontainers were 

embedded in the epoxy coating, they showed excellent adhesion to matrix. Due to the 

depolymerization of PDA under acidic conditions, the microcapsules described here could be 

regarded as pH-responsive. When an acidic microenvironment arose in a corrosion area, PDA 

depolymerize and the corrosion inhibitor BTA was released from the DME. At the same time, the 

functional groups of PDA also formed complexes with iron oxides, which provided dual self-healing 

protection for metal substrate [39]. 

2. Experimental 

2.1. Materials 

BTA was purchased from Shanghai Aladdin Reagent Co., Ltd. Dopamine and Tris- 

hydrochloride were purchased from Suzhou Tianke Trading Co., Ltd. Anhydrous ethanol and NaOH 

were purchased from Tianjin Damao Chemical Reagent Co., Ltd. Diatomite (DME) was provided by 

Chongqing University. Epoxy and curing agent were obtained from Heilongjiang Petrochemical 

Research Institute. The deionized water was used in this study. 

2.2. Preparation of BTA@DME/PDA microcapsules 

DME was dried at 120 °C for 12 h to obtain a smooth porous structure. DME particles (1 g) were 

then dispersed in a 100 mg/mL solution of BTA in ethanol solution (10 mL). The obtained suspension 

was ultrasonically dispersed for 15 min, and was then transferred to a vacuum oven for 15 min to 

allow the BTA to impregnate the DME in the vacuum environment. This step was repeated three 

times to obtain the maximum loading of BTA. The final suspension was filtered, and the removed 

solid was washed several times with deionized water to remove excess BTA from the surface of the 

DME. Finally, the filtered sample was dried at 50 °C for 12 h to obtain the BTA@DME microcapsules. 

BTA@DME microcapsules (2 g) and dopamine hydrochloride (0.4 g) were added to deionized 

water (80 mL). After magnetic stirring for 5 min, Tris (20 mg) was added to the suspension to initiate 

DA polymerization at 30 °C under magnetic stirring at 300 rpm for 24 h. The product was collected 

by centrifugation and filtration, and washed three times with deionized water. It was dried at 50 °C 

for 6 h to afford the BTA@DME/PDA microcapsules. 
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2.3. Preparation of self-healing coatings 

Carbon steel was used as the substrate to study the anti-corrosion properties of coatings, the 

surface of which was ground and cleaned before use. Different contents of BTA@DME/PDA and 

BTA@DME microcapsules were separately added to a mixture of epoxy and curing agent (the mass 

ratio of epoxy to curing agent was 3:1). The mixtures were then coated on the surface of carbon steel, 

and the coatings were dried in ambient air for 5 h and at 60 ℃ for 5 h. A pure epoxy coating was 

prepared by the same method without the addition of microcapsules. The dry film thickness for all 

coatings was about 200 μm. 

2.4. Characterization 

The morphology, size, and pore structure of the microcapsules and DME were observed by 

Scanning Electron Microscopy (SEM). The chemical structure of BTA@DME/PDA microcapsules was 

determined by Fourier Transform Infrared spectroscopy (FTIR) in the wavenumber range of 2000–
400 cm−1. The thermal stability and load capacity of the microcapsules were analyzed by 

Thermogravimetric Analysis (TGA) under N2 atmosphere, heating at a rate of 10 °C/min over the 

range 25–600 °C. The release of BTA was monitored by UV/Vis spectrophotometry, and its 

absorbance at 260 nm was plotted versus time. 

Th anti-corrosion properties of coatings with different microcapsule contents were evaluated by 

saline immersion and electrochemical impedance tests. Coating samples were scratched with a 

scalpel to form scratch cracks (2 cm long and 20 μm wide), and the depth of each crack was sufficient 

to reach the metal substrate. The scratched coating samples were soaked in 3.5 wt.% salt water for 30 

days, and the corrosion phenomena at the scratched area after different number of days were 

observed and compared. The corrosion behavior of self-healing coatings was monitored by 

electrochemical impedance spectroscopy (EIS) controlled by an electrochemical workstation. A 

traditional three-electrode system (working electrode, saturated calomel electrode, and platinum 

plate electrode) was assembled in an acrylic glass tube. Four groups of samples were tested on days 

3, 15 and 30 to obtain a series of Bode and Nyquist diagrams. In particular, the value of impedance 

modulus in the low-frequency region of the Bode diagrams were analyzed. 

3. Results and discussion 

3.1. SEM morphology of microcapsules 

SEM images of DME are shown in Figure 1. It can be clearly seen from Figure 1 (a, b) that the 

pure DME consisted of disc-shaped entities of mean diameter about 30 μm with abundant pore 
structure on their surfaces. The hollow structure can be observed in Figure 1 (c). These pore and 

hollow microstructures indicated that DME was a good microcontainer for loading corrosion 

inhibitors and for application in anti-corrosion coatings. 

 

Figure 1. SEM images of DME. (a) overall morphology, (b) and (c) single amplified DME 

morphology. 
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SEM images of BTA@DME and BTA@DME/PDA microcapsules are shown in Figure 2. It can be 

observed that the pore structure on the surface of DME was essentially disappears, which proves that 

BTA was loaded into the DMA and filling their pores as shown in Figure 2 (a). An SEM image of 

BTA@DME/PDA microcapsules is shown in Figure 2 (b), in which the pore structure is no longer 

discernible. Instead, a film layer is seen to be deposited on the outer surface of DME, due to the 

encapsulation by PDA. 

 

Figure 2. SEM images of (a) BTA@DME and (b) BTA@DME/PDA microcapsules. 

3.2. Chemical structure of BTA@DME/PDA microcapsules 

The FTIR spectra of BTA, DME, BTA@DME, and BTA@DME/PDA microcapsules are shown in 

Figure 3. The characteristic peaks at 789 and 1092 cm−1 could be attributed to an Si-O-Si symmetric 

stretching vibration and an Si-O asymmetric vibration, respectively, characteristic of SiO2, the main 

component of DME. An absorption peak at 664 cm−1 could be ascribed to in-plane C-H bending 

vibration of the BTA benzene ring. A peak at 1456 cm−1 could be attributed to aromatic double bonds 

of the carbon skeleton, and a further peak at 1622 cm−1 could be ascribed to amide N-H skeleton 

stretching, consistent with the presence of PDA. All of these characteristic peaks could be discerned 

in the FTIR spectrum of the BTA@DME/PDA microcapsules, indicating that BTA was successfully 

loaded in the DME, which was then coated by PDA. 

 

Figure 3. FTIR spectra of BTA, DME, BTA@DME microcapsules and BTA@ DME/PDA 

microcapsules. 

3.3. Loading capacity of BTA@DME/PDA microcapsules 

The loading capacity of the BTA@DME/PDA microcapsules was evaluated by TGA. Figure 4 

shows TGA curves of DME, BTA and the BTA@DME/PDA microcapsules. BTA was stable below 150 

°C, but was completely decomposed in the range 150–240 °C, leaving no residue. DME incurred a 

weight loss of about 10 wt.% during the entire heating process, 6.2 wt.% of which occurred before 

240°C. The TGA curve of the BTA@DME/PDA microcapsules was thus a combination of the weight 
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loss behavior of the DME microcontainers and the BTA core material. That is to say, there was a 

weight loss of 46.3 wt.% in the range of 150–240 °C. There was almost no further weight loss beyond 

240 °C. Considering the small loss from DME, the loading capacity of the BTA@DME/PDA 

microcapsules must have been greater than 40%, neglecting the weight loss from the thermal 

degradation of a small amount of PDA. The loading capacity of BTA was thus higher than those of 

some mesoporous materials as nanocontainers reported in the literature. This could be mainly 

attributed to the abundant pores and hollow structure of DME. 

 

Figure 4. TG curve of BTA and BTA@DME/PDA microcapsules. 

3.4. The pH responsiveness of BTA@DME/PDA microcapsules 

The pH responsiveness of the BTA@DME/PDA microcapsules was analyzed by UV/Vis 

spectrophotometry. The release of BTA from the microcapsule samples at different pH was 

monitored by measuring the UV intensity at 260 nm as a function of time, as shown in Figure 5. For 

BTA@DME microcapsules, rapid release could be observed even under neutral conditions (pH = 7). 

More than 80% of the loaded BTA was released from the BTA@DME microcapsules within 200 min, 

implying spontaneous release due to the absence of a PDA protective layer. It is easy to imagine that 

when the BTA@DME microcapsules are incorporated into the coating, the BTA therein may be 

released prematurely, greatly reducing the corrosion inhibition effect of the coating. For the 

BTA@DME/PDA microcapsules, only 10% of the BTA at pH = 7 was released in the first 200 min at 

pH 7, and even after 600 min, little more than 10% of BTA was released, proving that the PDA film 

effectively inhibited spontaneous leakage of the corrosion inhibitor under neutral conditions. At pH 

5 and 2, more than 50% of the BTA inhibitor was released from BTA@DME/PDA microcapsules after 

200 min, and the absorbance of the solution at pH 2 was greater than that at pH 5, consistent with the 

results reported by Qian and Cheng etal.[16,31]. These results indicated that PDA served as an 

effective pH-dependent regulator valves for BTA release, its depolymerization under acidic 

conditions facilitated release of the loaded BTA [39]. 
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Figure 5. Release curves of BTA from BTA@DME and BTA@DME/PDA microcapsules at different 

pH. 

3.5. Anticorrosion performance of epoxy coatings containing microcapsules 

Salt solution immersion tests were performed to assess the corrosion resistances of scratched 

coatings. Figure 6 shows photographs of scratched epoxy coatings with different microcapsule 

contents after various immersion periods. It can be seen that with the extension of immersion time, 

the corrosion phenomena in the scratched areas of coating samples with different microcapsule 

contents were different. First, the corrosion resistance of a pure epoxy resin coating without 

microcapsules was studied, as shown in Figure 6 (a). Rust appeared on this coating sample on the 

third day of immersion, and the corrosion phenomenon was intensified on the 15th and 30th days. 

Figure 6 (b) shows photographs of the coating sample with 1 wt.% BTA@DME/PDA microcapsules. 

No corrosion phenomenon of the coating sample was evident on the third day of immersion, but the 

degree of corrosion gradually increased after the 15th day of immersion, indicating that the added 1 

wt.% BTA@DME/PDA microcapsules played a certain anti-corrosion role in the initial stages, but that 

the anti-corrosion effect gradually weakened with the extension of immersion time. The coating 

samples incorporating 5 wt.% BTA@DME/PDA microcapsules showed excellent corrosion resistance 

throughout the immersion period, as shown in Figure 6 (c). Thus, 5 wt.% BTA@DME/PDA 

microcapsules imparted the coating with long-term and effective corrosion resistance. The coating 

sample with 10 wt.% BTA@DME/PDA microcapsules showed a certain anti-corrosion effect on the 

surface of carbon steel in the early stage of immersion. At the later stage of immersion, however, 

corrosion was rapidly aggravated. We envisage that excessive addition of microcapsules destroys the 

integrity of the coating matrix and weakens the interface bonding performance. Therefore, the 

corrosion medium can more easily penetrate the whole coating and reach the surface of the steel 

substrate, thereby producing more serious corrosion. In summary, the salt solution immersion test 

results showed that the self-healing coating with 5 wt.% BTA@DME/PDA microcapsules had the best 

repair performance and hence the beat corrosion protection performance for low-carbon steel. 
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Figure 6. Optical images of epoxy coatings with different microcapsules contents (a-d: 0, 1, 5 and 10 

wt. %) after immersion in 3.5 wt.% salt solution (1–4: 0, 3, 15 and 30 days). 

In order to further evaluate the corrosion resistance of the coatings, electrochemical impedance 

tests were carried out. A pure epoxy coating without microcapsules, and epoxy coatings containing 

1, 5, and 10 wt.% BTA@DME/PDA microcapsules were prepared for comparison. Scratched coatings 

were immersed in 3.5 wt.% aqueous NaCl solution at room temperature for 30 days, and 

electrochemical impedance experiments were performed at appropriate intervals. Figure 7 shows 

Bode and Nyquist plots for the four coatings. 

Figure 7 (a1) shows the Bode plot for a pure epoxy scratched coating. It can be seen that the 

impedance value of the coating at a frequency of 0.01 Hz was very low on the third day of corrosion 

(6366.8 Ω cm2). With the increase of immersion time, the corrosive medium gradually penetrated into 

the scratches in the coating, resulting in a marked decrease in the impedance modulus of the blank 

coating. After 30 days of immersion, the impedance modulus at 0.01 Hz decreased to 4436.8 Ω cm2. 

Figure 7 (b1) shows the Bode plot for the coating containing 1 wt.% BTA@DME/PDA microcapsules. 

The impedance moduli after immersion for 3, 15, and 30 days at 0.01 Hz were 7050.5, 7314.4, and 

7302.3 Ω cm2, respectively. The overall impedance modulus was slightly higher than that of the pure 

epoxy coating, and there was no large fluctuation over the corrosion period. This was mainly due to 

the small amount of BTA inhibiting the corrosion of the coating, but the effect was not obvious. Figure 

7 (c1) shows the Bode plot for the epoxy coating containing 5 wt.% BTA@DME/PDA microcapsules. 

The impedance modulus at 0.01 Hz was higher than in the other cases, and continued to increase 

with increasing number of immersion days, rising from 18992 Ω cm2 on day 3 to 19223 Ω cm2 on 30 

days. This corroborates that the epoxy coating with 5wt.% BTA@DME/PDA microcapsules had the 

best anti-corrosion effect, and that the BTA released from the nanocontainers on demand provides 

lasting protection for the scratched area. The amount of BTA released was sufficient to provide good 

corrosion resistance during the immersion period. This was mainly because, with the gradual 

deepening of the corrosion channels in the coating, the environment of the corrosion micro-area 

becomes acidic. At this time, the microcapsules incorporated in the coating showed pH 

responsiveness [15,38], and the BTA was released to carry out its corrosion inhibition role [40–42]. 

Figure7 (d1) shows the Bode plot for corrosion of the epoxy coating containing 10 wt.% 

BTA@DME/PDA microcapsules. It can be seen that the overall impedance modulus at 0.01 Hz was 

not as high as that of the epoxy coating with 5 wt.% BTA@DME/PDA microcapsules, but was higher 

than those of the other three coatings. Excessive addition may destroy the integrity of the coating and 
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expose the steel substrate [8], further showing that the epoxy resin coating with 5wt.% 

BTA@DME/PDA microcapsules had the best anti-corrosion effect. Nyquist plots showed similar 

variations as the Bode plots. For the pure epoxy coating, as shown in Figure7 (a2), with the extension 

of immersion time, the capacitance arc of steel in salt solution showed a decreasing trend. For the 

coatings incorporating microcapsules, as shown in Figure7 (b2-d2), with the extension of immersion 

time, the capacitive arcs showed an increasing trend. The diameter of the capacitive arc of the coating 

with 5wt.% BTA@DME/PDA microcapsules was the largest. These results further corroborate that 

the coating with 5wt.% microcapsules showed the best corrosion resistance. The equivalent circuit of 

the fitting curve is shown in Figure 7 (e), where RS is the solution resistance, Rc is the coating 

resistance, Cc is the constant phase element of the coating capacitance, R1 is the charge transfer 

resistance, CPE is the constant phase element of the double-layer capacitance, and R2 and CPE2 are 

used to describe mass transfer. 
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Figure 7. Bode and Nyquist curves of scratch coating with different microcapsules contents (a-d: 0, 1, 

5 and 10 wt. %) after immersion in 3.5 wt.% salt solution for 30 days, (e) electrical equivalent circuit 

for fitting impedance data. 

4. Anticorrosion mechanism of self-healing coating 

Anticorrosion mechanism of self-healing coating was show in Figure 8. To avoid rapid release 

of the BTA inhibitor, the surfaces of the BTA@DME microcapsules were coated with PDA. Inspired 

by the adhesion characteristics of catechol and amine in mussel adhesion protein, the main 

component of DA can be oxidized and polymerized under alkaline conditions to form PDA by self-

polymerization and then adsorbed onto the surface of DME, as shown in Figure 8(a). The PDA layer 

not only controls the release of inhibitors, as shown in Figure 8(b), but also acts as a chelating agent 

to form protective complexes with corrosion products. The catechol group in PDA can react with Fe3+ 

ions to form a catechol-Fe3+ complex [16], thereby protecting the steel matrix, as shown in Figure 8(c). 

In the corrosion area of the carbon steel substrate, rust appeared around the crack, and the 

environment in the vicinity of the coating became an acidic micro-area. The corrosion inhibitor BTA 

was then released from the pH-responsive microcapsules. Under the action of the corrosion inhibitor, 

in the corrosion area, BTA and Fe2+ ions formed a protective film according to Eq. (1) to prevent 

further corrosion of the steel substrate [40]. In areas without corrosion, BTA could also react directly 

with Fe on the surface of the steel substrate, forming a protective film according to Eq. (2) [41]. The 

detailed anti-corrosion mechanism is shown in Figure 8 (c). 

Fe2++ 2BTA → BTA-Fe-BTA + 2H+ (1) 

Fe + BTA → Fe-BTA (2) 
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Figure 8. Anticorrosion mechanism of self-healing coating (a) the self-polymerization of dopamine 

(b) pH-responsive release mechanism of microcapsules (c) proactive film form mechanism. 

5. Conclusion 

A self-healing anticorrosive coating containing pH-responsive microcapsules has been designed. 

Natural DME with a porous structure was selected as a source of microcontainers, into which BTA 

was loaded as a corrosion inhibitor. pH-responsive performance was achieved by applying a PDA 

film on the surface of BTA@DME. Self-healing anti-corrosion coatings were prepared by embedding 

the BTA@DME/PDA microspheres in an epoxy coating, which was uniformly applied on the surface 

of low-carbon steel. After immersion in 3.5 wt.% aqueous NaCl solution for 30 days, it was found 

that a coating with 5wt.% BTA@DME/PDA showed the best corrosion resistance and self-healing 

effect. 
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