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Abstract. In this research study, halloysite nanotubes (HNTs) were applied as nanocontainers to encapsulate the synthesized 3,4 -dihydro-3-[2 -mercaptothiazolidine]indol-2-one (DMI) molecules for corrosion protection of carbon steel in a
3.5% NaCl solution. Fourier transform infrared analysis was used to prove the loading of HNTs with DMI. Poly(ethylene-coacrylic acid) and branched polyethylenimine polyelectrolyte layers were deposited on the surface of DMI-loaded HNTs by
a layer by layer (LbL) method. The LbL deposition technique was verified by a zeta potential test. Release of DMI corrosion
inhibitors from HNTs in alkaline pH was verified by using UV–visible spectroscopy results. Electrochemical impedance
spectroscopy technique was applied to consider the anticorrosion ability of 1, 2.5 and 5 wt% DMI-loaded HNTs as smart
epoxy coatings.
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1. Introduction
Carbon steel is usually used in different industrial
environments. Corrosion prevention of carbon steel has been
the purpose of many scientific research studies. Corrosion
inhibitors have been commonly used to control metal degradation. These molecules adsorb on metal surfaces and decrease
the corrosion rate [1,2]. Organic inhibitors are the most commonly used corrosion inhibitors due to their environmental
friendliness and cost effectiveness [3]. The corrosion inhibition effect of heteroatoms on organic molecule structures was
as follows: O < N < S < P [4]. Another way to prevent metal
corrosion is a protective coating that provides a physical barrier to the metal surface against a corrosive environment [5].
Epoxy coating is a thermosetting polymer that has considerable adhesion, mechanical, thermal and corrosion resistance
properties. Many researchers combined epoxy resins with
nanocontainers to improve these properties [6–10]. Direct
addition of corrosion inhibitors to the coatings may cause
non-uniform distribution, destructive interactions and leaching of inhibitors from the coatings. Various capsules such
as silica nanoparticles [11] and carbon nanotubes [12] were
used for loading of active materials. Halloysite nanotubes
(HNTs) (Al2 Si2 O5 (OH)4 · 2H2 O) are nontoxic and cheap
mineral materials applied for encapsulation of active agents
in pharmacology [13] and nanotechnology [14] research.
The tubular structure of HNTs provides the entrapment of
active molecules. Price and others [15] and Levis and Rand
Deasy [16] were pioneer researchers who used loading and
smart release of drugs from loaded HNTs into the body.
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Encapsulation of inhibitors with a pH-responsive ability is a
new type of smart coating. In this method, by shifting the pH of
coating, intelligent nanocontainers will immediately release
the inhibitors onto the metal surface. Corrosion inhibitors are
released into the damaged sites and make a protection barrier
film to prevent the corrosion process [17,18].
Khajouei et al [19] investigated the corrosion resistance
of AA2024 alloy with a coating doped with a nanocapsule
containing benzotriazole (BTA) inhibitor. Two cationic surfactants (cetyl trimethyl ammonium bromide (CTAB) and
Hyamine) were used for a better release of the BTA from
nanocapsules and the amount of corrosion inhibitor was measured by using the UV–visible spectroscopy method. As the
acidity and temperature increased, inhibitors are released
from halloysite, and the corrosion rate decreased. Another
reservoir reported by Snihirova et al [20] was hydroxyapatite
microparticles where applied as microcontainers for release
of salicylaldoxime, cerium(III) and 8-HQ inhibitors after the
corrosion reactions. The ability of corrosion protection of sol–
gel surface films loaded with these materials was improved.
The stopper at the end of tubes was another way to delay
the release of guest materials from nanotubes. This approach
was proposed by Abdullayev and Lvov [17] and applied for
the BTA corrosion inhibitors. These inhibitors were loaded
into nanotubes and blocked by a metal salt solution of Fe2+ ,
Co2+ and Cu2+ . The stopper was an insoluble or complex
precipitate. The precipitation reaction was occurred between
the loaded materials and the stopper agents, thus the presence
of the blocking agent significantly reduced the release of the
loaded materials.
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In this work, a new pH-responsive coating was introduced. 3,4 -Dihydro-3-[2 -mercaptothiazolidine]indol-2-one
(DMI) molecules as organic corrosion inhibitors were loaded
into HNTs. Polyelectrolyte layers (poly(ethylene-co-acrylic
acid (PEAA) and branched polyethylenimine (BPEI)) were
deposited on the DMI-loaded HNT surfaces. Then, these pHresponsive nanotubes were added to epoxy coatings. Fourier
transform infrared (FTIR) results were applied to prove the
DMI encapsulation. The release of the encapsulated DMI at
different pH values was measured by a UV–visible test. The
anticorrosion performance and long-term corrosion protection of these coatings were investigated by electrochemical
impedance spectroscopy (EIS) technique in a 3.5% NaCl solution. This research finds the optimum weight percentage of
DMI-loaded HNTs in epoxy coatings as an active corrosion
inhibition mechanism for long immersion times.

2. Materials and methods
2.1 Materials
API 5L Grade B carbon steel specimens with a chemical composition (in weight percentage) of Mn 0.76%, Si 0.28%, C
0.11%, Ni 0.1%, Cu 0.08%, Cr 0.07%, V 0.05%, P 0.01%, Mo
0.009%, S 0.002% and Fe balance were used. 2-Thiazoline2-thiol and isatin were prepared from Merck. PEAA, BPEI
and HNTs were provided from Sigma-Aldrich.

Bull. Mater. Sci.

(2020) 43:230

deposited by using 2 mg ml−1 PEAA solution until the final
DMI-loaded HNTs/BPEI/PEAA was achieved.
2.4 Characterization of DMI-loaded HNTs
FTIR analysis (Thermo AVATAR model) was used to obtain
chemical structure of the DMI-loaded HNTs in comparison
with empty HNTs by functional band vibrations. The zeta
potential values were calculated by using a Horiba instrument (SZ-100). The UV–visible spectrophotometry instrument (Thermo Scientific™ 840-210700) was used to verify
the release of pH-sensitive DMI.
2.5 Epoxy application
The blank solvent-free epoxy coatings, 1, 2.5 and 5 wt%
HNTs loaded with corrosion inhibitors were abbreviated as
blank, 1, 2.5 and 5 wt% DMI-loaded HNTs, respectively.
Various weight percentages of loaded HNTs were added to
epoxy resins under ultrasonication by stirring for 1 h. Then,
amine hardeners (4.5:10 weight ratios) were added and stirred
with resins. The coatings were applied by spraying on samples (60 × 40 mm2 ), which were blasted and degreased with
acetone. These coated samples were preserved at room temperature for 7 days to allow full curing stage. The dry film
thickness was about 100 µm.
2.6 Electrochemical impedance spectroscopy

In the previous work, isatin and 2-thiazoline-2-thiol were
used for the synthesis of DMI molecules. DMI crystals were
formed after 12 h of crystallization at 0◦ C and then dried. The
synthesis reaction of DMI was the condensation of carbonyl
and methylene functional groups of isatin and 2-thiazoline-2thiol, respectively [21].

Electrochemical analysis was conducted by using Microautolab type III instrument. The API 5L Grade B carbon steel
samples were applied as a working electrode. A platinum
electrode as a counter and silver–silver chloride (Ag/AgCl)
electrode as a reference were used. For EIS studies, 10 mV
peak to peak voltage in the frequency range from 105 to
10−2 Hz was applied. Impedance data and the equivalent circuit were achieved by using ZSim software.

2.3 DMI-loaded HNT preparation

2.7 Surface characterization

To entrap the corrosion inhibitor (DMI) in HNTs, 1 g of HNTs
were added to 10 ml DMI solution (50 mg ml−1 ) by stirring for
1 day and sonication for 1 h. Then, the loaded HNT particles
were centrifuged.
The pH-sensitive nanocapsules were assembled by the
layer by layer (LbL) deposition of polyelectrolytes. The
charges of DMI-loaded HNTs were negative; initially 10 ml
of 2 mg ml−1 BPEI solution was prepared, and then 1 g of
HNTs was added to this solution. An incubation time of 1 h
was used for deposition of positive BPEI until the DMI-loaded
HNTs/BPEI was achieved. Then, the colloidal solution was
centrifuged and loose polyelectrolytes present on HNT surface were separated by washing with distilled water. Finally,
DMI-loaded HNTs/BPEI was dried at 60◦ C for 12 h under
vacuum. In the second stage, a negative PEAA layer was

Scanning electron microscopy (SEM) images were obtained
by using a QUANTA 200 instrument at a voltage of 20 kV
and a magnification of 5k×.

2.2 Synthesis

Figure 1. (a) Isatin, (b) 2-thiazoline-2-thiol and synthesis reaction
of (c) DMI [21].
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3. Results and discussion
3.1 FTIR spectroscopy
Figure 1 presents chemical synthesis of corrosion inhibitor
(DMI). Also, chemical structures of 2-thiazoline-2-thiol and
isatin are shown in this figure.
Figure 2 shows the structural characteristics of HNTs and
DMI-loaded HNTs achieved by FTIR analysis in the range of
4,000–400 cm−1 . In the spectra of HNTs, the 3,700 cm−1

Figure 2. FTIR spectra of HNTs and DMI-loaded HNTs.
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peak was from the perpendicular surface of O–H group
stretching. The intensity peaks at 3621, 1620 and 1115 cm−1
were attributed to stretchings of O–H band of inner hydroxyls, the bending of –OH in water molecules and Si–O groups.
The 911 and 792 cm−1 peaks were attributed to O–H and
stretching of Si–O. The 755 and 692 cm−1 peaks were devoted
to the perpendicular Si–O stretching. The 582, 472 and
436 cm−1 peaks were referred to the bending of Al–O–
Si bond, Si–O–Si and the stretching of [SiO4 ] tetrahedron,
respectively [22].
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In DMI-loaded HNT spectra, the characteristic bands for
C–H bending at 650 cm−1 , C–S at 700 cm−1 , N–C–S–H at
930 cm−1 , C–O vibration at 1050 cm−1 , wagging mode
of CH2 at 1295 cm−1 [23] and bending of N–H band at
1515 cm−1 were observed. The peak at 1620 cm−1 was
referred to the bending vibration of O–H bond in adsorbed
water. Stretching vibration C=O bands at 1730 cm−1 and
the bands at 3140 and 3440 cm−1 were referred to N–H
band vibration [24]. Based on the previous work, these peaks
showed pure DMI molecules [21]. Therefore, figure 2 verified
suitable encapsulation of HNTs with DMI molecules.
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(pH = 7), a lower releasing rate of DMI molecules was
observed (figure 4b). Furthermore, under acidic conditions
(pH = 3) a low releasing rate of DMI molecules was detected
(figure 4a). Therefore, these results showed a high-releasing
rate of DMI molecules in alkaline solutions (pH = 10).

3.2 Zeta potential
Zeta potential tests were applied to verify the LbL deposition
of polyelectrolytes. The zeta potential of loaded HNTs is a
negative value (−11.4 mV). BPEI is a pH-sensitive cationic
polymer with a dendrimer structure. The BPEI molecule
that was deposited on the loaded HNT surfaces makes the
zeta charge of the nanocapsules to shift to a positive value
(15.7 mV). PEAA is a weak polyanion molecule that was
protonated at alkaline pH in corrosion areas. The second polyelectrolyte layer (PEAA) was absorbed on DMIloaded HNTs/BPEI and the zeta potential of DMI-loaded
HNTs/BPEI/PEAA shifted to −47.5 mV (figure 3).
3.3 UV–visible
The releasing rate of DMI in the 3.5% NaCl solution
was calculated by UV–visible absorbance. For this purpose,
0.4 g DMI-loaded HNTs were added to 20 ml of 3.5% NaCl
solution. This solution was used to investigate the release of
the loaded corrosion inhibitors from HNTs during immersion times. According to cathodic reactions, the pH value in
the corrosion area increases. Therefore, for effective corrosion protection, shells should be opened at alkaline pH for
release of the corrosion inhibitor. According to figure 4c,
at pH = 10, DMI-loaded HNTs/BPEI/PEAA released more
DMI molecules in comparison with other pH values that was
the result of shell disintegration. In a neutral environment

Figure 3. Zeta potentials for different polyelectrolyte deposition.

Figure 4. UV–visible spectra of DMI-loaded HNTs/BPEI/PEAA
for (a) pH = 3, (b) pH = 7 and (c) pH = 10.

Bull. Mater. Sci.

(2020) 43:230

3.4 Electrochemical impedance spectroscopy
The EIS technique was used to investigate the effectiveness
of DMI-loaded HNTs on anticorrosion ability of epoxy coatings. The EIS results were used for 4-week immersion time
of coated samples in 3.5% NaCl solution for investigation
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of the corrosion protection during this time period. Nyquist
diagrams and equivalent circuits are presented in figure 5.
The Nyquist diagrams of blank, 1, 2.5 and 5 wt% DMIloaded HNT-coated samples after 1 day and 1 week (figure 5a
and b) had two semicircles (capacitive loops) in low and high
frequencies in the 3.5 wt% NaCl solution. The high-frequency

Figure 5. Nyquist plots and equivalent circuits for different weight percentages of DMI-loaded HNTs in epoxy coating during (a) 1 day,
(b) 1 week, (c) 2 weeks, (d) 3 weeks and (e) 4-week immersion times in 3.5% NaCl solution.
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Electrochemical data extracted from Nyquist plots of samples at various immersion time.

Coating
Blank

1 wt% DMIloaded HNTs

2.5 wt% DMIloaded HNTs

5 wt% DMIloaded HNTs

Time
1 day
1 week
2 weeks
3 weeks
4 weeks
1 day
1 week
2 weeks
3 weeks
4 weeks
1 day
1 week
2 weeks
3 weeks
4 weeks
1 day
1 week
2 weeks
3 weeks
4 weeks

Rs
( cm2 )
230.01
220.22
228.91
232.29
229.91
223.98
235.47
231.78
225.63
230.56
229.32
232.50
225.35
230.35
232.32
228.25
234.23
232.55
223.56
227.32

Rc
(k cm2 )

CPEc
(µsn cm−2 )

n

Rct
(k cm2 )

CPEdl
(µsn cm−2 )

Ceff
(µF cm−2 )

Zw
(s0.5 cm−2 )

41.41
31.40
3.204
8.223
6.182
382.6
81.92
82.12
109.8
79.34
112.3
18.30
17.82
17.54
11.93
168.2
90.44
83.35
76.87
10.91

0.33
0.16
3.76
39.2
42.6
0.45
0.22
0.12
0.25
1.75
4.58 × 10−2
1.40 × 10−3
8.65 × 10−4
2.29 × 10−4
1.28 × 10−4
1.04 × 10−2
1.90 × 10−4
1.06 × 10−4
6.41 × 10−5
5.60 × 10−5

0.8
0.79
0.78
0.82
0.85
0.81
0.79
0.83
0.86
0.75
0.8
0.78
0.75
0.75
0.74
0.73
0.76
0.79
0.74
0.85

83.2
40.3
39.3
18.8
19.6
13.2
90.9
96.7
128
43.3
302
776
1,060
1,290
1,480
6.02 × 102
9.03 × 102
1.01 × 103
1.11 × 103
2.69 × 102

1.86
4.73
14.6
162
990
0.05
0.59
0.96
5.59
30.5
4.12
3.81
3.41
3.06
2.97
0.59
5.41
5.99
5.86
6.46

0.035
0.086
0.273
14.46
224.19
0.0005
0.006
0.036
0.646
0.311
0.095
0.048
0.016
0.014
0.010
0.001
0.041
0.115
0.025
0.602

—
—
—
—
—
—
—
—
—
1.35 × 10−5
—
—
8.38 × 10−8
7.80 × 10−8
7.08 × 10−8
—
—
—
—
9.53 × 10−8

loop was related to coating barrier properties, coating
resistance and constant phase element. It showed the penetration of electrolyte through defects of coating [25]. The lowfrequency loop presented that the interface of steel/coating
was available for aggressive species and modelled by doublelayer constant phase element and charge transfer resistance.
Table 1 reports the electrochemical data extracted from the
Nyquist plots by using ZSim software. Also, the fitting data
of models presented in figure 5 separately fitted the experimental measurements well; therefore, the interpretations have
high accuracy. In table 1, Rc is the coating resistance, CPEc is
the coating constant phase element and w is the Warburg element. The anticorrosion performance of DMI-loaded HNTs
was studied by change of Rct values for different coatings for
4 weeks figure 6a). The Rct values for the blank epoxy coating were decreased continuously in 4 weeks. For 1 and 5 wt%
DMI-loaded HNT samples, the Rct values were increased and
then decreased; furthermore after 1 day, the charge transfer
resistance values of these coatings were significantly greater
than those of the blank sample. During the 4-week immersion
time, the Rct values of 2.5 wt% DMI-loaded HNT sample
were increased continuously that showed excellent anticorrosion performance of DMI inhibitors. According to figure 6b
after 1 day, the CPEdl values of the blank epoxy are significantly higher than those of 2.5 and 5 wt% DMI-loaded HNT
samples that indicated a low surface resistance of blank coating and can be attributed to penetration of the electrolyte into
the coating [26]. The reduction of CPEdl values and increase
of Rct values are in valid agreement.
Furthermore, higher Rc and lower CPEc values of DMIloaded HNT samples in comparison with blank epoxy coating

during the 4-week immersion time showed the release of DMI
molecules from the HNTs and excellent corrosion protection
of DMI-loaded HNT samples (figure 6c and d).
According to Brug’s formula [27], the effective capacitance
associated with the CPE can be expressed as relation (1):

Ceff = Q

1/n

1
1
+
Rs
Rct

(n−1)/n
(1)

where n is the exponent value that is an indicator for the degree
of surface heterogeneity. The exponent values for all coatings
are shown in table 1. In various samples, the n values are
similar. Also, the trend of Ceff values is the same as that of
CPEdl values. Therefore, we can compare the CPEdl values
for interpretation as above. The Ceff values of DMI-loaded
HNT samples are less than what is commonly observed (10 −
20 µF cm−2 ) which shows the appropriate performance of the
coatings.
The impedance values at a frequency of 0.01 Hz were
applied as an effective parameter for evaluation of the anticorrosion performance of coatings [28]. The high value of
this parameter can be attributed to improved properties of
coating compactness, slow penetration of solution by the dispersed HNTs and slow release of the DMI molecules. As
shown in figure 7a, the impedance values at 0.01 Hz for blank
epoxy coating decreased gradually. After 4-week immersion
time, the highest impedance value was related to 2.5% DMIloaded HNT sample, which indicated successful release of
DMI molecules into loaded-HNT coatings.
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Figure 6. (a) Rct , (b) CPEdl , (c) Rc and (d) CPEc data obtained from EIS spectra.
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Figure 7. (a) Impedance values at 10 mHz and (b) phase angle values at 100 kHz achieved from EIS spectra for
different immersion times.

The phase angle at high-frequency (100 kHz) values is a
helpful parameter to study the anticorrosion properties of protective coatings. In the high-phase angle between the voltage
and the current phases, the electrons prefer to pass through
dielectric pathways [29]. Also, the low-phase angle shows
a significant reduction in adhesion and barrier performance
of the coating. Figure 7b shows high-phase angle for blank
coatings. The decreasing phase angle values for blank epoxy
during 4-week immersion time showed that the coating was
gradually weakened. However, during 4 weeks the phase
angle values of 2.5 and 5 wt% DMI-loaded HNT samples
were more than those of other coatings.
3.5 SEM analysis
SEM analysis was applied for investigation of the surface
morphology and dispersion of nanotubes in the coatings. As
shown in figure 8c, the high amount of DMI-loaded HNTs
in 5 wt% DMI-loaded coating caused agglomeration and

non-uniform distribution of particles which can increase the
defects of coating. According to figure 8a and b, in 1 and
2.5 wt% DMI-loaded HNT coatings the HNT particles were
uniformly dispersed in the epoxy-coating matrix.
3.6 Discussion
The results showed that various weight percentages of DMIloaded HNT coatings had better corrosion protection ability
compared with the blank epoxy coating. After 4 weeks, the
lower anticorrosion property of 5 wt% epoxy coating in
comparison with 2.5 wt% DMI-loaded HNTs was a result
of non-uniform dispersion, clustering and agglomeration of
DMI-loaded HNTs which can make flaws and microcracks in
the coating matrix. Furthermore, epoxy coating with 1 wt%
DMI-loaded HNTs had a low concentration of inhibitors for
high corrosion prevention. Therefore, 2.5 wt% DMI-loaded
HNT samples with uniform dispersion consequently showed
a great physical barrier and active anticorrosion performance
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Figure 8. SEM images of (a) 1 wt% DMI-loaded HNTs, (b) 2.5 wt% DMI-loaded HNTs and (c) 5 wt% DMI-loaded HNTs coatings.

by DMI corrosion inhibitors, in comparison with other
coatings.

4. Conclusion
In this research study, DMI inhibitor molecules were loaded
into the HNTs. According to FTIR results, functional group
vibrations demonstrated the successful encapsulation of DMI
into the HNTs. Polyelectrolyte shells deposited on DMIloaded HNTs and make smart coatings for pH-sensitive
release of DMI molecules at the corroded sites. The EIS measurements showed that DMI-loaded HNT particles improved
anticorrosive performances of epoxy coating. During 4-week
immersion time, the highest Rct value and the best corrosion
protection performance were related to 2.5 wt% DMI-loaded
HNT samples.
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