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Benzotriazole Encapsulated
Nanocontainer-Based Self-healing
Coatings for Corrosion Protection
of Mild Steel

Aarti Gautam , K. R. C. Soma Raju , K. V. Gobi , and R. Subasri

1 Introduction

Mild steel is one of the extensively used materials in industrial sectors because of
its ease of availability and low cost. Mild steel is regarded as one of the desired
materials for construction because of its excellent mechanical properties such as
ductility, tensile strength, etc. [1]. The presence of low carbon content makes it
more efficient to be used in areas where high-temperature conditions are required.
Mild steel is highly malleable and hence finds its use in oil and pipeline industries.
However, it is prone to get oxidized and to undergo corrosion as soon as it comes in
contact with air, moisture, acids, etc., and all these could lead to changes in physical
appearance, reduced mechanical strength, and structural deformation, which could
cause severe accidents [2].

Hence, protection is necessary to prevent the surface frombeing corroded.Hexava-
lent chromate conversion coatings (CCC) and phosphate coatings are effective for
protecting the metal surfaces, as they impart excellent corrosion resistance proper-
ties and are cost-effective [2, 3]. Even though they are considered the best protection
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methods, they are restricted for further use hereafter due to their toxicity and carcino-
genic nature [4]. The most promising alternate method is the use of hybrid organic
and inorganic silane-based sol–gel coatings [5]. Sol–gel coatings are highly stable,
eco-friendly, and possess good adhesion and barrier properties, and they require only
simple curing at relatively low temperatures [6]. Even though the sol–gel coatings
form thick and homogeneous coatings on the metal substrates, these coatings get
damaged and lose their barrier properties during long exposure times to aggressively
corrosive media [7]. To overcome this drawback, imparting additional functionality
to such simple, stable and easy-forming hybrid sol–gel coatings is highly preferred.
Incorporation of corrosion inhibitors into sol–gel coatings is a recent strategy to
produce self-healing coatings, which possess enhanced barrier properties for a longer
duration in addition to anticorrosion properties [5]. In order to fabricate self-healing
coatings, the self-healing agent can either be added directly into the matrix sol or
nanocontainers entrapped (sealed) with corrosion inhibitors can be added into the
sol–gel matrix. The direct addition of corrosion inhibitors can cause an excess of
leaching, leading to unwanted reactions with the matrix. Hence, encapsulation is
the better alternative. Nanocontainers encapsulated with corrosion inhibitors show
controlled release and avoids excess leaching [8].

Different kinds of nanocontainers such as layered double hydroxides, layer-by-
layer polyelectrolyte shells, nanoclays such asmontmorillonite andhalloysite, carbon
nanotubes, polymeric nanocontainers, etc. have so far been investigated [9, 10].
Halloysite nanotubes (HNT) are widely used nanocontainers because they are easily
available, eco-friendly, and cost-effective. Halloysite nanotubes are naturally occur-
ring aluminosilicates, Al2Si2O5(OH)4.2H2O, having a hollow lumen for easy entrap-
ment of corrosion inhibitors. Halloysite nanoclay has a layered structure consisting
of one alumina sheet and one silica sheet, as shown in Fig. 1a [11].

Fig. 1 Schematic of expected autonomic-healing process: a BTA encapsulated in HNT, b BTA
encapsulated in LbL nanocontainers
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Layer-by-layer (LbL) polyelectrolyte shell-based nanocontainers are also
promising materials for entrapping the corrosion inhibitor within the polymeric
shells. LbL approach involves the use of nanoparticles as a support system onto
which polyelectrolyte layers of opposite charges are deposited. Corrosion inhibitors
are entrapped in between the layers for their controlled release and thus provide more
stability to the coating matrix, as depicted in Fig. 1b [12, 13].

The purpose of this research work is to examine the anticorrosion and self-healing
behavior of eco-friendly hybrid sol–gel matrix dispersed with benzotriazole (BTA)
encapsulated into two different types of nanocontainers, namely HNT and LbL poly-
electrolyte shell. The encapsulation of BTA into different types of nanocontainers
depends on the charge of the BTA molecule. Being an anionic inhibitor, it can bind
easily with the hollow lumen of HNT which is positively charged because of the
presence of the alumina layer inside. A similar effect is seen when BTA is loaded
into LbL nanocontainers where BTA is entrapped in between the polyelectrolyte
layers based on charge difference [14]. The effects of encapsulation of corrosion
inhibitors dispersed into the sol–gel matrix on its barrier and mechanical properties
are analyzed and discussed.

2 Experimental

2.1 Materials

For the synthesis of hybrid silane-based sol–gel matrix (3-Glyidyloxypropyl)
trimethoxy silane (GPTMS, Alfa Aesar, Assay-97%) and tetraethyl orthosilicate
(TEOS, purchased from Sigma Aldrich, USA, Assay-98%) precursors were used.
Halloysite nanoclay (HNT, Sigma Aldrich, USA) was used as an encapsulating
agent for corrosion inhibitors. Anionic polyacrylic acid (PAA) and cationic poly-
diallyl dimethyl ammonium chloride (PDADMAC) (Sigma Aldrich, USA) were
used as the polyelectrolyte layered nanocontainers on Fe2O3 nanoparticles (supplied
by Sigma Aldrich, USA) for encapsulating the self-healing material. Benzotriazole
(SRL, Purity-97%) was used as self-healing material in both HNT and LbL nanocon-
tainers. For coating deposition, mild steel coupons of dimensions 2.5 cm× 2.5 cm×
0.3 cm were used. The chemical composition of mild steel was found to be C: 0.18
wt%, Mn: 0.58 wt%, Si: 0.25 wt%, P: 0.018 wt%, S: 0.037 wt% and Fe: balance.

2.2 Preparation of Assembled Hematite-based
LbL Nanocontainers

Standard polymer solutions of PAA and PDADMAC were prepared by dissolving
polymer solution in deionized water of concentration 10 mg/mL. For layer-by-layer
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assembly, PAA and PDADMAC were adsorbed on hematite particles at a concen-
tration of 0.1 mg/mL. The first negatively charged layer of PAA was deposited on
hematite particles by centrifuging at the speed of 6000 rpm for 15 min. The obtained
powder was then re-dispersed and stirred in 0.1MNaCl solution for 10min and soni-
cated for 1 min in order to remove loosely bound particles. A similar procedure was
followed for deposition of BTA (2 g/100 mL) which was followed by the deposition
of the second layer of PAA. The fabrication of nanocontainers was terminated using
a cationic polyelectrolyte layer of PDADMAC. The pH of all the solutions during
the fabrication was maintained at 5.5 [14].

2.3 Loading of BTA in HNTs

For the synthesis of inhibitor-loaded HNT, 357 mg of BTA was added to 0.1 L of
isopropyl alcohol (IPA) and subsequently, 5 g of HNT was added. The mixture was
stirred for 20min and evacuated at room temperature for 3 h. The obtained suspension
was collected by centrifugation followed by oven drying at 50 °C for 20 min [15].

2.4 Sol Preparation and Coating Procedure

Matrix sol was synthesized by hydrolysis of GPTMS with TEOS in a mole ratio
of 3.5:1 using hydrogen chloride (HCl) as catalyst followed by the addition of an
optimized amount of self-healing agent. The sols were named as matrix (only for
matrix sol), BLLS (loading the sol with BTA entrapped LbL nanocontainers), BS
(loading the sol with BTA), BHS (loading the sol with BTA encapsulated HNT).
For polishing the mild steel (MS) coupons 1000 grade sandpaper was used and was
degreased using acetone in an ultrasonicator for 15 min. A dip-coater (EPG GmbH,
Germany) was used to generate the coatings at a withdrawal speed of 0.1 cm/s and
was cured at 130 °C for 60 min in a drying oven.

2.5 Characterization and Testing

Surface morphology and elemental composition of as-received hematite nanopar-
ticles, HNT, and inhibitor-loaded nanocontainers were investigated using ZEISS
Gemini 500 scanning electron microscope equipped with energy-dispersive X-
ray spectroscopy (EDS) attachment. X-ray diffraction (XRD) was performed for
as procured hematite nanoparticles using X-ray diffractometer (Bruker AXS D8
Advance, USA) in the 2θ range of 6°–100° with a step size of 0.1°. Zeta potential
measurements for each deposited polyelectrolyte layer for LbL nanocontainers were
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carried out using Zetasizer (MALVERN AT-0050007) instrument. Coating thick-
ness was measured using gauge PosiTector® 6000 (De Felsko Corporation, USA).
Multi-hatch gauge (BEVS 2203, China) according to ISO standard 2409 was used
to perform the adhesion test and the substrates were then observed under an optical
microscope (Olympus BX51M).

Electrochemical impedance and polarization studies for bare as well as coated
mild steel coupons were carried out using the electrochemical analyzer from CH
Instruments (Model CHI 604E, USA). The electrochemical cell consists of a three-
electrode system with a saturated calomel electrode (reference electrode), platinum
electrode (counter electrode), and the metal surface (working electrode). AC signal
of 0.01 V amplitude was applied with frequency ranging from 100 kHz to 0.01 Hz to
record the electrochemical impedance data. The bare and coated MS coupons were
immersed in corrosivemedia of concentration 0.6mol/L for 1 h before performing the
polarization studies. A potential of ±300 mV was applied in accordance with open
circuit potential at a scanning rate of 1 mV/s for conducting polarization measure-
ments. The electrochemical impedance and polarization data were examined with
the help of ZSimpWin and CH604E software. The salt spray test was performed
by exposing the scribed coated and uncoated MS coupons to a highly corrosive
environment for 24 h based on ASTM B117.

3 Results and Discussion

3.1 Scanning Electron Microscopy Analysis

SEM analysis for as-received α-Fe2O3 nanoparticles, corrosion inhibitor-loaded
LbL nanocontainers, as procured halloysite nanotube and inhibitor-loaded halloysite
nanotube was carried out. Elemental composition was determined using EDS. The
FESEM image shown in Fig. 2 for as-received α-Fe2O3 nanoparticles reveals that
the particles are in clusters having spherical structures with an average diameter of
30 nm. Fe andOwere found as constituent elements from the EDS data as depicted in
Fig. 2. Thepolyelectrolyte layer depositedα-Fe2O3 nanoparticles show large agglom-
erates of approximately 200 nm diameter, and EDS analysis indicates the presence
of Fe, O, C, Na, Cl, and N confirming the formation of BTA entrapped polyelec-
trolyte layers on α-Fe2O3 nanoparticles. FESEM analysis of as-received HNT shows
that the nanoclay has a tubular structure with transparent hollow lumen, and the
elemental analysis reveals the presence of Al and Si elements in larger proportions.
The inhibitor-loaded HNT shows denser and darker tubular structures, confirming
the loading of BTA in the hollow lumen of HNT. Further, the elemental composition
determined by EDS analysis shows the presence of Al, Si, C, and N, confirmed the
entrapment of BTA in HNT.
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Fig. 2 FESEM images and EDS profiles: a, b Fe2O3 nanoparticles; c, d BTA entrapped poly-
electrolyte layers deposited α-Fe2O3 nanoparticles; e, f HNT clay; g, h BTA encapsulated HNT
nanoclay

3.2 X-Ray Diffraction

The XRD pattern for as-received α-Fe2O3 nanoparticles is shown in Fig. 3. The
XRD analysis shows the intense peak at the 2θ value of 35°, indicating that the
crystal structure of α-Fe2O3 is tetragonal, according to the International Centre for
Diffraction Data (ICDD File no. 04-014-7214).



Benzotriazole Encapsulated Nanocontainer-Based Self-healing … 7

Fig. 3 XRD pattern for as-received Fe2O3 nanoparticles

3.3 Zeta Potential and Electrophoretic Mobility
Measurements

Zeta potential and electrophoretic mobility were carried out for α-Fe2O3 nanoparti-
cles along the several stages of stepwise depositions of polyelectrolyte layers using
the Zetasizer instrument. Zeta potential values of α-Fe2O3 nanoparticles at all stages
were found to be in the range of ±15 to ±30 mV, thereby confirming that the
particles are highly stable without the formation of any agglomerates. The elec-
trophoretic mobility confirmed that the α-Fe2O3 nanoparticles were found to be
positively charged (Fig. 4). The negative electrophoretic mobility for PAA layer
deposited nanoparticles confirmed that the negative surface charge surrounds the
nanoparticles, confirming the firm deposition of the PAA layer on α-Fe2O3 nanopar-
ticles. Entrapment of BTA on the PAA layer decreased the negative charge mobility
values. The loosely bound particles of BTA were removed by depositing a second
negatively charged layer of PAA. With the further deposition of a second PAA layer,
the electrophoretic mobility value became a little more negative. The nanocontainers
were terminated using the cationic polyelectrolyte layer of PDADMAC, and hence
the electrophoretic mobility for this layer was found to be positive, as depicted in
Fig. 4. The zeta potential measurements confirmed that the surface charge of each
deposited layer was in accordance with the charge of each layer and the particles are
stable in nature. The observed results of zeta potential and electrophoretic mobility
studies supported the stepwise deposition of polyelectrolyte layers and the fabrica-
tion of LbL nanocontainers, and the results are in good agreement with the literature
report [14].
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Fig. 4 Comparison of
electrophoretic mobilities of
each deposited layer

3.4 Thickness and Adhesion Measurements

The thicknesses of matrix, BS, BLLS, and BHS sol–gel coatings were found to
be in the range of 6–8 microns. Adhesion test was carried out using a multi-hatch
gauge where crosshatches were marked manually. The images obtained using an
optical microscope before and after the adhesion test are shown in Fig. 5. For all the
coatings, the adhesion test showed that no coating was removed from the corners of
each intersection point of the crosshatch. The corners and edges of the squares were
smooth. Hence, the observations confirm that all the coatings possess good adhesion
properties with the substrate in accordance with the ISO standard 2409, where such
types of coatings are classified into 0 class (means 0% removal).

3.5 Electrochemical Impedance Spectroscopy (EIS)
and Potentiodynamic Polarization Studies (PPS)

EIS along with PPS was conducted for bare and coated MS substrates exposed
to 0.6 mol/L NaCl solution for 1 h. The data obtained after the electrochemical
measurements were studied using two different equivalent electric circuits, shown
in Fig. 6. The equivalent circuit impedance parameters are Rs (resistance due to
solution), CPEcoat (capacitance due to coating) Rcoat, (resistance due to coating),
Cedl (capacitance due to electrical double layer), and Rct (resistance due to charge
transfer). Figure 6a conveys the equivalent electric circuit that fitted best for bare
substrate, where Rs is connected in series with CPEedl and Rct which are in parallel
with each other. In order to obtain the EIS parameters for coated substrates with and
without encapsulating BTA into the nanocontainers, the equivalent electric circuit
shown in Fig. 6b fitted best. Here, the Rs is in series with CPEcoat parallel to Rcoat,
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Fig. 5 Tape adhesion test images of different coatings a, b matrix sol, c, d BS, e, f BLLS, and g,
h BHS coupons

Fig. 6 Equivalent electric circuits for a bare and b coated coupons
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which are in series with Cedl parallel to Rct. Since the Nyquist plot obtained deviates
from the standard semicircle shape, the CPE (constant phase element) was used
instead of a pure capacitor for all the circuit fittings. Presence of intrinsic surface
non-uniformity of mild steel is responsible for the non-ideal nature of the electrical
double layer. The pseudocapacitance value can be obtained using the formula:

C = (Qo ∗ R)
1/n

(
1/
R

)

where C is pseudocapacitance in F/cm2,Qo is constant phase element in S-secn/cm2,
n is frequency factor and R is resistance in �.

The Nyquist plots obtained after 1 h exposure to NaCl solution of concentration
0.6 mol/L are displayed in Fig. 7. The plots obtained for bare and coated coupons
are nearly semicircular in shape, showing good corrosion resistant properties. The
impedance value for bare substrate was found to be very low, from which it can be
inferred that it has very low corrosion resistance. Hybrid sol–gel coating and added
corrosion inhibitor can be responsible for increased impedance values of matrix
and BTA loaded matrix coated substrates, attributing to the larger diameter of the
semicircle. The sol–gel coating consisting of BTA encapsulated LbL nanocontainers
(BLLS) showed higher impedance values and larger semicircle compared to the only
matrix coated and BS coated substrates, thereby exhibiting higher corrosion resis-
tance and lower corrosion rate. The BTA-HNT-sol coated substrates (BHS) exhib-
ited enhanced corrosion resistance with impedance values several orders higher than
those of all other coatings, indicating the extremely superior corrosion resistance and
barrier properties of BHS coatings. The electrochemical impedance data along with

Fig. 7 Nyquist plots for bare and coated coupons
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charge transfer resistance values are shown in Table 1. The data obtained show that
the capacitance value for BLLS coated substrates has increased when compared to
the only matrix coated substrates which can be because of the presence of polyelec-
trolyte layers that swell upon absorption of water and acts as a barrier by blocking
the entry of foreign species. With time, these polyelectrolyte layers may burst with
an increase in water uptake initiating the release of encapsulated corrosion inhibitor
which self-heals the damage on themetal surface thereby confirmed from the coating
resistance value. The BS coated substrates have shown an increase in coating capac-
itance because of the uptake of water along with an increase in coating resistance
which can be attributed because of the presence of freely loaded BTA into the matrix
sol which adsorbs on the mild steel surface at the sites where Cl− ions of the elec-
trolyte solution was attached. This results in the formation of a protective film that
restricts the entry of water molecules to some extent. The BHS coated substrates have
shown a decrease in capacitance value suggesting that the coating is more compact
which blocks further penetration of water molecules. This barrier film formation
protects the metal surface from corrosion. The coating and charge transfer resistance
values have increased drastically for BHS coated substrates when compared to other
coatings. The corrosion inhibitor molecules get protonated in presence of electrolyte
solution which forms a bond with the negatively charged surface of the metal. This
interaction helps in corrosion mitigation by self-healing the defects on the metal
surface [16].

Potentiodynamic polarization profiles of bare and coated substrates after 1 h
exposure to 0.6 mol/L NaCl solution were recorded and are shown in Fig.

8. The values of corrosion potential and corrosion current are shown in Table 2.
The data reveal that the corrosion potential values changed a meager by 60 mV from
bare electrodes and became more positive for sol-gel coatings (Matrix and BS) and
more negative for nanocontainer encapsulated substrates (BLLS andBHS).However,
the value of corrosion current was high for bare, matrix, and BS substrates, but
the nanocontainer encapsulated coatings (BLLS and BHS) exhibited low corrosion
currents. This extreme decrease in corrosion current established the enhanced self-
healing ability provided by BTA entrapped HNT sol coating. The encapsulated BTA-
HNT sol (BHS) coated substrates exhibited extremely low corrosion current density
and hence very low corrosion rate, indicating that the controlled release of BTA
from HNT provided better self-healing properties and good corrosion resistance
when compared to uncoated and other coated substrates.

Table 1 EIS fit data for bare and coated substrates after 1 h exposure to 0.6 mol/l NaCl solution

Substrate Rcoat (�.cm2) Rct (�.cm2) Ccoat (F/cm2) Cedl (F/cm2) χ2

Bare – 2558 – 4.280 × 10–4 5.369 × 10–3

Matrix 158.1 3813 1.599 × 10–5 5.614 × 10–5 3.579 × 10–3

BS 726.8 3955 1.012 × 10–4 1.11 × 10–5 3.076 × 10–3

BLLS 438.4 5954 7.343 × 10–5 1.189 × 10–5 4.801 × 10–3

BHS 2.287 × 105 1.03 3 × 108 2.178 × 10–10 7.478 × 10–7 6.490 × 10–3
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Fig. 8 Tafel plots for bare and coated coupons

Table 2 Electrochemical
polarization data for bare and
coated coupons

Substrate Ecorr (V vs. SCE) Icorr (A/cm2)

Bare −0.707 5.54 × 10–6

Matrix −0.668 5.37 × 10–6

BS −0.634 4.86 × 10–6

BLLS −0.761 2.25 × 10–6

BHS −0.760 5.35 × 10–10

3.6 Salt Spray Test

Photographs of uncoated and coated substrates after salt spray test are shown in Fig. 9.
Artificial scribes were created on the coated substrates in order to visualize the self-
repairing nature of the coatings. The substrates were kept in a salt spray compartment
and exposed to 5 wt% NaCl solution for different time durations namely, 1, 2, 4, 6
and 24 h. The images obtained after 1 h exposure show that the corrosion products are
formed on the bare substrate, whereas, for the coated substrates, no significant change
was observed. After 2 h exposure, the bare substrate was 50% corroded but thematrix
coated substrate showed the rust formation at the edges of the defect and nearby
area. The BTA loaded coatings still possessed good corrosion inhibition properties.
Images obtained after 4 and 6 h exposure clearly showed that the bare substrate got
corroded completely, whereas matrix, BS, and BHS coated substrates were nearly
50% corroded, which indicates that the barrier feature of thematrix-coated substrates
prevents the penetration of foreign electrolyte species enabling the protection of
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Fig. 9 Images of bare and coated MS substrates when exposed to salt spray
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MS substrates to some extent whereas, loading of BTA into the sol delivered self-
healing behavior as the inhibitor is released from the scribed area. Images obtained
after 24 h exposure illustrate that all the substrates got corroded completely but the
BLLS-sol coated substrate showed enhanced barrier properties because of the layered
structure, where the polyelectrolyte layers swell up on absorbing the electrolyte
solution imparting protection for longer durations when compared to other coatings.
In addition, BTA acts as the next step for protection by self-healing the surface
defects.

The information obtained from SST differs from EIS and PPS. The reason behind
this difference is that the SST is an accelerated test where artificial defects are made
on the coatings to observe the self-healing mechanism of bare and coated substrates,
whereas, in EIS technique, no such damage occurs and information is retrieved based
on the adhesion of coatings onto the metal surface. The PPS measures the stability
of the system when polarized with respect to open circuit potential. Therefore, the
BLLS coated substrates have shown enhanced barrier properties when compared to
other coatings because of the presence of a layered structurewhere the polyelectrolyte
layers swell uponuptake ofwater. These polyelectrolyte layers on increase in pressure
may burst which in turn releases the corrosion inhibitor imparting the self-healing
behavior for longer durations. Similar effect was observed where the capacitance
values have increased because of the water uptake.

4 Conclusions

• Hybrid sol–gel coatings exhibited goodbarrier properties by forming homogenous
coatings on substrates.

• BTA encapsulated halloysite nanotubes when mixed in sol–gel matrix showed
enhanced corrosion protection properties when exposed to 0.6 mol/L NaCl
solution.

• Electrochemical impedance and polarization studies revealed higher corrosion
resistance and lower corrosion rate for coatings containing BTA encapsulated in
halloysite nanoclay among all coated substrates.

• The salt spray analysis confirmed the self-healing behavior of encapsulated BTA
into HNT for up to 6 h. The BLLS-sol coated substrates showed good barrier
properties up to 24 h when subjected to SST (salt spray test) because of the
presence of polyelectrolyte layers which swell up and restricts the entry of water
molecules. In addition to this, the encapsulated BTA provides protection by self-
healing the damage.
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