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ABSTRACT

In the current work smart coating of corrosion inhibitive
nanocontainer was developed based on the encapsulation of
ultrasonically synthesized Zinc Molybdate (ZM) nanoparticles.
The ZM nanoparticles were doped ultrasonically with the layers of
Myristic acid (MA), Polyaniline layer (PANI), benzotriazole layer and
polyacrylic acid layer respectively to prepare layer by layer assembled
nanocontainer. Results of XRD, PSD, FTIR, zeta potential and TEM
analysis proves the successful formation of the layered structure of ZM
nanocontainer particles. The release rate of benzotriazole at various
experimental pH values was estimated using UV–vis spectroscopy.
Different semi-empirical models were examined to predict the release
mechanism of the benzotriazole. The corrosion inhibitive performance
of ZM nanocontainers has been evaluated by incorporating 1wt %
ZM nanocontainer in the epoxy based coating formulations and
assessing by DC polarization measurement and Bode plots. The results
from corrosion potential and Bode plots suggest the successful use
of ZM nanocontainer in the multifunctional anticorrosion coating
formulations.
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1. Introduction
Corrosion is the destructive attack on the metal by a chemical or electrochemical reaction
with its environment. Organic coatings are useful in protecting steel structures in corrosive
environments. Since long, anticorrosive paints were formulated with lead or hexavalent
chromium compounds as an active pigments [1–3]. Due to toxic nature of red lead and
zinc chromates, it is being restricted due to growing environmental awareness and stringent
national and international policy [4–8]. The production and paint removal of these pigments affect the environment and human health. The reduction in the use of toxic organic
pigments can be accomplished by using a combination of elements such as molybdenum,
phosphate, calcium, aluminum, cerium, zinc etc. Due to cationic nature of zinc, a combination of zinc with calcium, molybdenum, phosphate, or aluminum is also possible. The
modified anticorrosive pigments differ in terms of their water solubility, the inhibition
efficiency of the aqueous extracts and their anticorrosion action in organic coatings. Nano
form of zinc molybdate has significant anticorrosive properties [9]. Nanomaterials, unlike
these bulk form, have extraordinary physical and chemical properties [10,11]. Cathodic
protection, anodic protection, and barrier mechanism are three useful techniques to protect
the metal surface from corrosion [12,13] . Barrier technique is a preferred technique to
avoid corrosion directly because it forms a layer of anticorrosive material between the metal
surface and corrosive environment, thus giving low permeability of corrosive chemical to
the surface of metal [14]. A corrosion inhibitor is a material that coats the metal surface,
providing a protective barrier film, which in turn restricts the further corrosion. These can
be incorporated into paint formulations.
The formulations in which anticorrosive liquids can be introduced into the coatings are
known as Active corrosion protective formulation [15]. Direct addition of anticorrosive liquid is not preferred which affects the performance of the prepared coatings [16]. Corrosion
inhibitors can be encapsulated in the layered structure of active ingredients on nanopigment
core, which shows responsive release and shows better corrosion inhibiting ability compared
to single corrosion inhibiting pigment [17–26] not affecting the coating performance. The
nanocontainers which are formed by encapsulation of polyelectrolyte layer can be applicable
in a variety of fields such as biomedical, sustained drug delivery [27], catalyst [28], textile,
etc. The polyelectrolyte layer forms a matrix structure on a core material, so it can be used
in various applications to release the active ingredients in a responsive manner. Formation
of nanocontainer and layer by layer assembly of core corrosion inhibiting nanopigment has
been put-forth by a number of researchers [20,21,23–26,29–34] in past.
Shchukin et al. [32] synthesized a Layer by layer (LbL) assembled nanocontainer with
encapsulation of polyelectrolytes. In the layer by layer synthesis of nanocontainer, one or
more layer of polyelectrolyte can be formed on the exterior of the core nanopigment / template, which offers stimuli responsive followed by controlled release. A multifunctional core
and shell morphology of nanocontainer can be produced using doping of oppositely charged
species on the exterior of the core substance [32]. Core and shell assembly has been reported
using an emulsion method [35]. Moreover, kinetic models reported in the literature can be
used to study the corrosion inhibitor release from layer-by-layer assembled nanocontainers.
These existing kinetic models can indicate the corrosion inhibitor release as a function of
time. The kinetic study of the corrosion inhibitor release can be used to offer information
about diffusion processes and matrix degradation. The kinetic models contribute to a better
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understanding of inhibitor release processes thus facilitating the optimization of existing
systems and the development of new efficient systems. In many cases, for sustained release
of corrosion inhibitor, theoretical equations are not available, hence in some cases more
adequate empirical equations can be used.
In the present study, ZM nanoparticles were doped with three layers such as polyaniline,
benzotriazole, and polyacrylic acid respectively to form shell and core assembly i.e. nanocontainer to incorporate in an alkyd resin as an active transport media against corrosion. The
corrosion inhibitor (benzotriazole) is sandwiched between the two layers of polyelectrolytes
i.e. first one is polyaniline and second are PAA. Polyaniline and PAA layers help in passivation, produces redox potential and results in a constant charge transfer at the metal and
coating interface. Due to this mechanism, PANI is reduced from emeraldine salt form (ES)
to an emeraldine base (EB) [36]. The produced shell and core assembly of nanocontainer
have a competitive corrosion inhibiting effectiveness. The sustained release of corrosion
inhibitor i.e. benzotriazole has been measured with the help of UV–vis spectroscopy in
aqueous media at varying pH. Long lasting corrosion inhibiting ability of mild steel (MS)
by using ZM nanoparticles as a core material for the synthesis of nanocontainer assembly
has been confirmed along with the responsive release of benzotriazole against external
environmental conditions when incorporated in alkyd resin. The available theoretical and
empirical kinetic models were used to examine the release of corrosion inhibitor from ZM
nanocontainers developed by Higuchi et al. [37], Hixon et al. [38], Korsmeyer et al. [39],
and Hopfenberg et al. [40]. The results of different models are compared and estimation
of the various kinetic parameters and validation of kinetic models has been carried out.

2. Experimental
2.1. Materials
During the synthesis of ZM nanocontainer, analytical grade sodium molybdate (Na2MoO4),
zinc chloride (ZnCl2), ammonium persulphate (APS, (NH4)2S2O8) as an initiator and sodium
dodecyl sulfate (SDS, NaC12H25SO4) as a surfactant were purchased from S.D. Fine Chem.
and used as received without further purification. Analytical grade chemicals benzotriazole,
HCl, NaOH, NaCl and ethanol procured from Thomas baker Chemicals and were used as
received. Polyacrylic acid (PAA, Mw = 50 000 g mol−1) procured from Sigma Aldrich and
were used as received. The monomer aniline (analytical grade, M/s Fluka) was distilled
two times before actual use. An epoxy resin having E.E.W. 450 g/eq, and Polyamide resin
having A.V. 300 mg KOH/g were obtained from Sonal Engineering and Plastic Fabricators,
Alibaug, India. Millipore water was used as a medium throughout the experimentation.
2.2. Fabrication of ZM encapsulated nanocontainers
ZM anticorrosive pigment in nano form was prepared using the ultrasonic precipitation
method with the method described by Karekar et al. [9]. Initially, aqueous solutions of
10.4 M sodium molybdate and 0.98 M zinc chloride solutions were prepared separately.
The solution of zinc chloride was then added dropwise to the solution of sodium molybdate
under constant ultrasonic irradiation (40 kHz Sonicator (Sonics and Materials, U.S.A.) with
a maximum power output of 750 W) at 40% amplitude within a time span of 10 min. The
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reaction was continued for 20 min under ultrasound at room temperature (25 ± 2 °C) provided with the cooling water jacket to maintain a constant temperature. ZM nanoparticles
separated from a reaction media using filtration followed by washing with water to remove
dissolved impurities and then dried in an oven at 100 °C.
2.3. Fabrication of ZM encapsulated nanocontainers
Fabrication of ZM encapsulated nanocontainer was carried out according to recipe defined
by Bhanvase and sonawane [17]. To make ZM encapsulated nanocontainers, previously
synthesized ZM nanoparticles were used as a core material. In order to accomplish hydrophobic properties, ZM nanoparticles (5 g in 100 mL water) were surface modified with
0.5 g myristic acid solution in 10 mL methanol at 60 °C for 60 min. Surface modified ZM
nanoparticles with myristic acid are expected to create negative charge onto the surface
of ZM nanoparticles because of the adsorption of C13H27COO– functional group of the
carboxylic acid. Negatively charged surface modified ZM nanoparticles were then doped
with positively charged polyaniline (PANI) layer by ultrasound assisted in situ emulsion
polymerization method to improve the strength of the adsorption of electronic charges.
In that, initially, a surfactant solution was prepared by adding 3 g of SDS and 0.2 g of ZM
nanoparticles in 50 mL water to wet them effectively, which was then instantaneously transferred to the sonochemical reactor (40 kHz Sonicator (Sonics and Materials, U.S.A.) with
a maximum power output of 750 W). The initiator solution was prepared independently
with the addition of 3.5 g APS in 20 mL of deionized water and was then added to the
reactor. Five gram aniline addition was accomplished in the semi batch mode over 30 min
periods. After complete addition of aniline, the reaction was allowed to proceed for next
1 h with ultrasonic irradiation and at the temperature of 4 °C. The formed product was then
isolated by centrifugation (Remi Instruments Supply 220/230 V, 50 Hz, 1φ AC) at 8000 rpm
(g force = 17203.2) for 10 min and later washed with deionized water to remove unreacted
material and impurities. The isolated product was then dried at 60 °C in the oven for 4 h.
After formation of PANI layer, loading of corrosion inhibitor (benzotriazole) was
achieved by the addition of 2 g PANI loaded ZM particles in 0.1 N NaCl solution prepared
in a 100 mL deionised water. Further, deposition of positively charged corrosion inhibitor
layer (benzotriazole) on the surface of PANI loaded ZM nanoparticles was carried out
using 2 mg/mL of benzotriazole in ultrasound assisted environment for 20 min. Formed
product was isolated by centrifugation and dried in an oven at 60 °C over 3 h and was
further used for loading of PAA layer. Later in order to obtain stimuli responsive release of
corrosion inhibitor, ZM nanoparticles were doped with the layer of polyacrylic acid (PAA).
The adsorption of PAA layer was carried out using 2 mg/mL of PAA in 0.1 N NaCl solution
with the aid of ultrasonic irradiation for 20 min. The formed product was further separated
by centrifugation followed by washing with deionized water and drying in an oven at 60 °C
for 48 h. The formation mechanism of ZM nanocontainer is schematically shown in Figure 1.
2.4. Preparation of nanocontainer-doped smart coatings and its application on
Mild Steel (MS) panels
Preparation of nanocontainer/epoxy based smart coatings was done by incorporating the 1
wt. % of prepared nanocontainers in the epoxy resin. Incorporation of the nanocontainers in
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Figure 1. (a) Zeta Potential of ZM nanocontainer in water. Layer number 0: initial ZnMoO4, 1: ZnMoO4/
PANI, 2: ZnMoO4/PANI/Benzotriozole, 3: ZnMoO4/PANI/Benzotriozole/PAA. (b) Growth in particle size of
ZM nanocontainer. Layer number 0: initial ZnMoO4, 1: ZnMoO4/PANI, 2: ZnMoO4/PANI/Benzotriozole,
3:ZnMoO4/PANI/Benzotriozole/PAA.

epoxy resin was done by mechanical stirring for 10 min. Polyamide was selected as a curing
agent, on the basis of functionality with epoxy resin the ratio of 2:1 (epoxy: polyamide) for
total quantity as 10.0 g. Then above formulation was thoroughly mixed with xylene: butanol
(60:40) combination to easiness the application of the coating on mild steel (MS) panels.
Then, the prepared coating was applied on the sand cleaned MS panels by spray gun (nozzle
diameter 1.5 mm and pressure of 4.5 bar). The panels were received from Nippon Paints
India with dimension (T × W × L) of 0.5 × 100 × 150 mm. The thickness of all deposited
samples was in the range of 80–90 μm. After application, the coated panels were left for
curing for 7 days at ambient temperature
2.5. Characterization of the prepared ZM nanoparticles, ZM nanocontainer and its
coatings
Zeta potential and particle size distribution measurements were carried out by Malvern
Zetasizer Instrument (Malvern Instruments, Malvern, U.K.). The morphology of ZM
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nanocontainer was performed by using transmission electron microscopy (TEM) (Technai
G20 working at 200 kV). Infrared spectroscopic analysis of samples was carried out using
SHIMADZU 8400S analyzer in the region of 4000–500 cm−1. X-ray diffraction (XRD)
pattern of ZM nanoparticles and ZM nanocontainer was recorded by using powder X-ray
diffractometer (Rigaku Mini-Flox, U.S.A.). The weight loss of the sample was determined
by using a thermogravimetric analysis (PerkinElmer TGA system, U.S.A.), from room
temperature to 700 °C in an N2 atmosphere at a heating rate of 10 °C/min. The UV–vis
spectroscopy (SHIMADZU 160A model) was used to illustrate the self-releasing mechanism of corrosion inhibitor from ZM nanocontainers, and to fix the specific solution pH
conditions to activate the corrosion inhibitor releasing.
2.5.1. Tafel plot analysis
For Tafel plot analysis, all electrochemical measurements have been performed on the computerized electrochemical analyser (supplied by Ivium Instruments, Netherlands). An MS
panel was used as the working electrode with working area 1 cm2 with a platinum sheet as
the counter and a saturated calomel electrode (SCE) as the reference electrode. Polarization
measurements were taken after exposure to the 0.5 M HCl, 5% NaCl and 5% NaOH solution. The potential was scanned between −2 and +2 V at a rate of 2 mV/electrochemical
measurements were carried out at room temperature (30 ± 1 °C).
2.5.2. EIS measurements
The corrosion resistance of the smart coating with addition of ZM encapsulated nanocontainers was studied by EIS measurements. EIS measurements were carried out for Neat
epoxy-polyamide resin coating, Epoxy with 1% nanocontainer and bare mild steel in 3.5%
NaCl solution on a three-electrode cell and tested after 2 h and 24 h of immersion. Where
the mild steel specimens were used as working electrode, a platinum wire as counter electrode and a saturated calomel electrode (SCE) as reference electrode. When the open circuit
potential (OCP) of the mild steel specimens reached a stable value, which was recorded as
a function of time, the EIS was measured at the OCP. The EIS measurement was conducted
over a frequency range from 105 to 10−2 Hz. The rms width of the sinusoidal voltage signal
applied to the system was 10 mV.

3. Results and discussions
3.1. Formation mechanism, zeta potential and particle size distribution of ZM
nanocontainer
In formation of ZM nanocontainer initially ZM nanoparticles were synthesized by an ultrasound method according to procedure reported by Karekar et al. [9]. In order to improve the
hydrophobicity of ZM nanoparticles to make it compatible with PANI, ZM nanoparticles
were surface treated with Myristic acid (MA) in the presence of ultrasonic irradiations.
Because of the hydrophobic nature of ZM nanoparticles and formed a negative charge on
ZM nanoparticles, the adsorption of PANI layer on ZM nanoparticles was successfully
established. Further, as shown in Figure 1, adsorption of the third layer of benzotriazole
molecules was effectively carried out on PANI/MA/ZM particles. Finally, the deposition of
the negatively charged PAA layer (fourth layer) was carried out after the successful formation
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of the corrosion inhibitor layer i.e. benzotriazole layer on polyaniline (PANI) layer. Due
to the application of ultrasonic irradiation, the agglomeration of ZM nanocontainer was
prevented.
The Zeta potential value of surface layers is expected to change because of the changes
that occur in the ionic strength of the liquids affecting the stability of the nanocontainer.
Therefore, it is important to measure the zeta potential of the nanocontainer after each layer
deposition. Zeta (ζ) potential after the deposition of each layer of the prepared ZM nanocontainer in water was described in Figure 1(a). The value of zeta potential of bare/uncoated
ZM nanoparticles is −14.6 mV. The zeta potential after the deposition of a myristic acid
layer on synthesized ZM nanoparticles was found to be −15.5 mV. This is due to adsorbed
C13H27COO– functional group resulted from Myristic acid on the ZM nanoparticle surface.
The zeta potential after the loading PANI layer was found to be –25.2 mV. It is found that
the negative value of Zeta potential increases after loading PANI layer. This negative value of
the Zeta potential increase is due to the occurrence of surfactant i.e. sodium dodecyl sulfate
(SDS), which was used at the time of emulsion polymerization. At the time of emulsion
polymerization, aniline enters into the micelle region and travels towards the head group of
the micelle [41]. This causes a reduction in the value of zeta potential after loading of PANI
layer. Kim et al. [42] reported that the phenyl moiety stays within the hydrophobic tail region
and the polar group remain among the SDS head groups. After loading of corrosion inhibitor
i.e. benzotriazole shows an abrupt increase in the negative value of zeta potential which is
−29.4 mV. Finally, after adsorption of PAA layer, the zeta potential value again increases to
−38.6 mV. Adsorption of PAA chains leads to an increase in this value. The zeta potential
value confirms the adsorption of charged species and intra-particle interaction in the ZM
nanocontainer. Gradual increase in the average size of the particle with the addition of each
layer has been observed in the Figure 1(b). From the results of particle size analysis, it is
established that there is a formation of the layered structure of ZM nanocontainer with a
core of ZM nanoparticle. The particle size of virgin ZM nanoparticle was found to be around
214 nm and it became 329 nm after loading of the myristic acid layer. The formation of the
PANI layer onto the virgin ZM nanoparticles leads to an increase in the particle size with an
average value of 368 nm, the thickness of PANI layer found to be 19.5 nm. Further, after the
adsorption of the benzotriazole (corrosion inhibitor), the particle size increases to 682 nm
with layer thickness 157 nm, which evidently signifies that a large number of benzotriazole
molecules were adsorbed on PANI loaded ZM nanoparticles. Finally, adsorption of PAA
layer was established by emulsion polymerization onto the benzotriazole layer results into
the average particle size of 1461 nm with an average thickness of 389.2 nm. The average
particle size is found to be gradually increased after the adsorption of each layer, indicating
the successful formation of ZM nanocontainer.
3.2. Morphology analysis of zinc molybdate nanocontainer
Figure 2 depicts the surface morphology of ZM nanocontainer in the form of TEM images.
It clearly seems that ZM is present at core and corrosion inhibitor i.e. benzotriazole is sandwiched between the two layers of polyelectrolyte. Agglomeration of multiple particles has
been observed due to the existence of electrolyte and the change in the surface charge and
energy. Variation in the intensity of light around each particle clearly indicates the separate
deposition of PANI/benzotriazole/PAA layers. The presence of shell and core assembly
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Figure 2. TEM image of ZM nanocontainers.

of ZM nanocontainer and encapsulation of organic layer on ZM nanoparticle has been
established from the PSD analysis. Increase in the size of particles (Figure 1(b)) with the
deposition of multiple layers confirms the presence of organic molecules. Shchukin and
Mohwald [35] have described in detail the approach of coverage of particle by organic
molecules and growth of particle size.
3.3. FTIR analysis of ZM encapsulated nanocontainer
Figure 3 depicts the FTIR spectrum of virgin ZM (pattern A), Surface modified ZM (pattern
B), Surface modified ZM loaded with PANI (pattern C), Deposition of Benzotriazole layer on
PANI loaded ZM (pattern D) and loading of PAA (Polyacrylic acid) layer on Benzotriazole
loaded ZM (pattern E). FT-IR spectra of ZM nanoparticles have been shown in Figure 3
(Pattern A). At 806–950 cm−1 very strong Mo–O stretching vibration in [MoO4]2− has
been detected and at 403, 426, 462, 524 cm−1 weak Mo–O bending vibration was observed
[43,44]. Further, ultrasound assisted synthesized ZM nanoparticles are surface modified

COMPOSITE INTERFACES 

Tansmittance (%)

200

D
C

100

B

50

A - Neat ZM
B - Modified ZM
C - ZM-PANI
D - ZM-PANI-Benzo
E - ZM-PANI-Benzo-PAA

E

150

1718

1502

1520

A

0
4000

9

2850

2918

1248 768

1470

1226

1556
943
867

3500

3000

2500

2000

1500

462

1000

524

500

-1

Wavenumber (cm )

Figure 3. FTIR spectra of (A) Neat ZM (B) Modified ZM (C) ZM loaded with PANI, (D) ZM loaded with PANI
and benzotriazole, (E) ZM loaded with PANI, benzotriazole and PAA (Polyacrylic acid).

with myristic acid (MA). An FTIR spectra of myristic acid modified ZM nanoparticle is
depicted in Figure 3(B). In addition to the peaks of ZM, the characteristic peaks at 2918 and
2850 cm−1 shows stretching vibration of the C–H which arises from the –CH3 and –CH2
within the myristic acid respectively. The typical peak at 1556 cm−1 belongs to the bending
of –OH. In Figure 3(C), the characteristic peak at 1226 cm−1 is due to (C–N) stretching
mode of the amine group of PANI and the peak at 1470 cm−1 represents a C=C stretching mode of the quinoid rings and C=C stretching of benzenoid rings respectively [45].
Further, the characteristic peak at 1520 cm−1 corresponds to a secondary = N–H bending.
The presence polyaniline peaks validate the creation of polyaniline on the surface of ZM
nanoparticles. Figure 3(D) depicts the FTIR spectra after loading of benzotriazole on PANI
loaded myristic acid surface modified ZM nanoparticles. The characteristic peak at 1502,
1248, and 758 cm−1 indicates uniform and even creation of layers the benzotriazole layer of
PANI coated ZM. Bands which are in close proximity to the 758 cm−1 show benzene ring
vibrations and in the vicinity of 1502 cm−1 the aromatic and the triazole rings stretching
vibrations are observed [46]. Lastly, Figure 3(E) reflects the FTIR spectrum of ZM nanocontainer after the adsorption of PAA layer. The characteristic bands at 1718 cm−1 for the
PAA carbonyl C=O stretching in PAA [47].
3.4. XRD analysis of ZM encapsulated nanocontainer
The XRD patterns of ZM nanoparticle and ZM nanocontainers have been shown in Figure 4.
Figure 4 (pattern A) reflects the XRD graph for ZM nanoparticles. From above graph, it
seems that the synthesized ZM nanoparticles are crystalline in nature [48] and belongs
to the Scheelite phase [49]. The XRD peaks at 2θ value of 17.4, 25.2, 27.9, 29.1, 31.7, 34.2,
40.3, 51.8 and 52.8° belong to the planes (101), (112), (004), (114), (211), (200), (220), (312)
and (224) [50]. From Debey Scherrer’s formula, the crystallite size of ZM nanoparticle was
estimated to be 24.9 nm at 2θ = 27.9°. The particle size of ZM nanoparticles estimated from
XRD is similar with the PSD data reported earlier. Further due to the uncalcined state of zinc
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Figure 4. XRD pattern of (A) ZnMoO4 nanoparticles and (B) ZnMoO4 nanocontainers.

molybdate some impurity peaks of ZnO and NaNO3 have been observed even after a number of hot water washing cycles. Figure 4(B) reflects the XRD pattern of ZM nanocontainer
which shows that particles are completely covered with adsorbed layers of polyelectrolyte
and corrosion inhibitor i.e. benzotriazole. The occurrence of XRD peaks at 27.9, 29.1, 31.7°
clearly signifies the presence of zinc molybdate at the core of the nanocontainer.
3.5. Thermal stability of ZM encapsulated nanocontainer
The thermal stability of the ZM encapsulated nanocontainers are characterized by DT
and TG analysis. Figure 5(a) shows the TG plot of zinc molybdate nanocontainers which
shows four steps weight loss. The first weight loss (5.2 wt. %) is observed in the range of
23–170 °C (Section I) which reflects the removal of physically adsorbed and the hydrated
water within the ZM nanocontainer. Secondly, the weight loss (23.7 wt. %) in between 170
and 370 °C (Section II) is observed which signifies the burning off PAA molecules. The third
weight loss (17.22 wt. %) within 371 and 575 ° C (Section III) is observed which reflects
the oxidative degradation of the corrosion inhibitor i.e. benzotriazole, however, which is
sandwiched between the two layers of polyelectrolytes in the ZM nanocontainer core and
shell assembly. This weight loss in section III clearly confirms that extra corrosion inhibitor
is adsorbed in the nanocontainer. It is observed that after 575 °C (Section IV) (the fourth
weight loss around 5.38 wt. %) the adsorbed PANI layer gets burned off. The weight loss
from 171 to 725 °C related to the oxidative pyrolysis of hydrocarbon moieties present in
the polymer. This analysis demonstrates that ZM nanocontainers are more thermally stable
at higher temperatures.
Figure 5(b) shows the DT plot of ZM nanocontainers. The endothermic peak at 235 °C
reflects the removal of physically adsorbed water from ZM nanocontainer [51,52]. The exothermic peaks between 235 and 650 °C signify the stepwise decomposition of PAA, PANI,
and Benzotriazole (corrosion inhibitor), which have been shown by TGA analysis. Oxidative
degradation of PAA, PANI and benzotriazole have been in the range of 235–650 °C [50].
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3.6. Measurements of self-releasing of the ZM encapsulated nanocontainer in
response to solution pH
The release rate and release flux of corrosion inhibitor i.e. benzotriazole is depicted in
Figure 6. While Figure 7(a) shows the swelling of the polyelectrolytes in response to pH
changes to release encapsulated benzotriazole and Figure 7(b) shows the corrosion protection for steel substrate by a smart coating. It has been already reported that the benzotriazole
is having good corrosion inhibiting ability for ferrous metals in the acidic environment
[53–55] also in the neutral environment [56,57]. Benzotriazole leads to the formation of
a passive layer on the substrate results in the lowering corrosion rate [56,57]. Study of the
effect of pH of the aqueous medium (2, 4, 7 and 9) on the release and the release rate of
the benzotriazole has been carried out. It is observed that the released concentration is
observed to be higher with a decrease in the pH of the medium. This indicates that the
release rate is more in acidic medium. The release concentration is also found to be higher
with an increase in the time and then it gets stabilized. Also, the release rate of benzotriazole
is found to be higher with respect to time initially and then it goes on decreasing though
the concentration of benzotriazole goes on increasing in the surrounding medium but
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Figure 6. (A) Release rate and (B) Release flux of benzotriazole from ZM nanocontainers at different pH
values.

the rate of release is lower. This increase in the concentration of released benzotriazole in
the neighboring aqueous medium is responsible for the reduction in the rate of diffusion
of the benzotriazole with a reduction in the concentration gradient with respect to the
exposure time. Further, it is also found that the release rate and release flux are inversely
proportional to the pH, indicating release rate and release flux of benzotriazole reduces
with an increase in the pH value from 2 to 9. The release rate was found to reduce from 5.7
to 0.67 mgL−1/g of ZM nanocontainer with an increase in the pH from 2 to 9 at the end of
the 10 min. The larger release at pH 2 reflects the uniform formation of a passive layer of
corrosion inhibitor i.e. benzotriazole on the surface of ferrous metal leading to corrosion
inhibition in acidic medium.
Further, different kinetic models for the release of corrosion inhibitor benzotriazole
have been employed to correlate the information and enhanced understanding about the
release process of benzotriazole from ZM nanocontainer. The release data of corrosion
inhibitor benzotriazole has been fitted to Zero order (Equation 1), first order (Equation
2), Higuchi (Equation 3), Hixson Crowell (Equation 4), Korsemeyer Peppas (Equation 5)
and Hopfenberg (Equation 6) models. Various kinetic models have been used to match the
benzotriazole release data for model validation.
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Figure 7. Schematic diagram illustrating (a) the swelling of the polyelectrolytes in response to pH changes
to release encapsulated benzotriazole and (b) the principle of corrosion protection for substrate steel by
a smart coating doped with inhibitor-encapsulated nanocontainers.

Qt = Q0 + k0 t

(1)

Qt = amount of benzotriazole released after time t, Q0 = Initial amount of benzotriazole in
the solution (in this case Q0 = 0), k0 = Zero order release constant (concentration/time) [58].

ln(Mt /M∞ ) = − kt

(2)

Mt = Concentration of benzotriazole present in ZM nanocontainer at time t, M = Initial
concentration of benzotriazole in ZM nanocontainer, k = First order rate constant (time−1)
[59] proposed by Narasimhan et al.

Qt = KH t 1∕2

(3)

Qt = amount of benzotriazole released after time t, KH = Higuchi dissolution constant [37].
1∕3

W0

1∕3

− Wt

= Ks t

(4)

Wt = Remaining amount of benzotriazole in ZM nanocontainer at time t, W0 = Initial
amount of benzotriazole in ZM nanocontainer, Ks = Constant incorporating the surface-volume relation [60].
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Qt /Q0 = kt t n

(5)

Qt = amount of benzotriazole released after time t, Q0 = Initial amount of benzotriazole in
the solution, kt = Release rate constant, n = Release exponent [39].

1 − (1 − Qt /Q∞ )1∕n = k1 t

(6)

Qt = amount of benzotriazole released after time t, Q = amount of benzotriazole released
into the solution at infinite time [40].
The release data of corrosion inhibitor benzotriazole from ZM nanocontainers at different pH values with respect to time has been fitted to zero-order (Equation 1), first-order
(Equation 2), Higuchi (Equation 3), Hixson−Crowell (Equation 4), Korsemeyer− Peppas
(Equation 5) and Hopfenberg (Equation 6) models. Figure 8 depicts the application of
the zero order model, First order, Hixon-Crowell, Higuchi model, Korsmeyer-Peppas and
Hopfenberg release model for fitting the benzotriazole release data from ZM nanocontainer.
The corresponding rate constants and R2 values are reported in Table 1. It has been further
observed that the rate constant values are found to reduce with an increase in the pH value
from 2 to 9 indicating that more release in the acidic region for better corrosion inhibition
properties. Also, it is found that from the observed trend from Figure 8(A)–(E) and Table 1,
it is found that the Korsmeyer – Peppas kinetic release model gives the better fit compared
to other empirical models [38].
3.7. Corrosion resistance of the epoxy coatings doped with ZM nanocontainers
3.7.1. Electrochemical impedance spectroscopy
Figures 9(A) and 10(B) shows Bode modulus and phase angle plot obtained on the mild
steel for Epoxy resin with ZM nanocontainer film, Neat Epoxy-polyamide resin film and
only bare mild steel. The results shows that the impendance values were higher for Mild
steel panels coated with
The results showed that the impedance values were higher for the film containing Epoxy
with ZM nanocontainer at 2 h (1.63 × 105) and 24 h (1.28 × 104) of immersion in a salt
solution than Neat Epoxy polyamide resin (5.69 × 102) and Bare Mild steel (6.53 × 102) at
2 h of immersion in salt solution. This result was because of both the better barrier properties, and the corrosion inhibition capacities, as reported earlier [61]. The presence of
ZM nanocontainer with Epoxy resin improved the corrosion protection of the mild steel
due to increase in the film thickness or dropping the porosity [62]. The shape of the phase
angle plot designated the existence of single time constant. A more detailed interpretation
of the EIS results can be made by numerical fitting, using the equivalent circuit depicted in
Figure 10. In this equivalent circuit shown R is the resistance of the electrolyte; CP represent
the capacitance of the coating, respectively.
3.7.2. Potentiodynamic polarization results
The polarization curves of the specimens, which were recorded after 1 h of immersion in
the electrolyte, are illustrated in Figure 11. The corrosion current (icorr) and corrosion
potential (Ecorr) were obtained using Tafel plot analysis [63]. The associated parameters
(Table 2) indicate the various effects of the Zinc molybdate nanocontainer coating on the
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Figure 8. Release model for benzotriazole release from ZM nanocontainer at different pH (A) Higuchi
model, (B) Zero Order model, (C) First Order model, (D) Korsemeyer peppas model, (E) Hopfenberg model
and (E) Hixson Crowell model.

icorr, Ecorr and corrosion rate. There were noteworthy changes in the curve’s features. I.e.
the remarkable reduction in the cathodic current density (A/cm2) and corrosion rate (cm/
year). Degree of coating coverage on the mild steel substrate has been reproduced by Ecorr
value [64]. The change in the cathodic current density reflects the inhibiting aspects of the
cathodic reaction at the corrosion site, mainly the oxygen reduction reaction [64,65].
3.8. Mechanism of corrosion inhibition
It has been previously studied that the anticorrosive performance of organic compounds
containing sulfur, nitrogen, oxygen, etc. is due to the establishment of the co-ordinate type

pH
2
4
7
9

k0
1.3485
1.2583
0.918
0.7758

R2
0.4334
0.6439
0.9543
0.8713

Zero order

k
0.0343
0.0292
0.019
0.0166

R2
0.7261
0.8906
0.8094
0.7298

First order
Ks
0.0509
0.0441
0.0222
0.0193

R2
0.8763
0.8393
0.874
0.7859

Hixson Crowell
KH
11.099
10.262
7.010
5.8171

R2
0.8938
0.9492
0.7437
0.6313

Higuchi

Table 1. Release kinetic data for benzotriazole release from ZM nanocontainers at different pH values.
R2
0.8754
0.8368
0.8734
0.7854

Hopfenberg
K1
0.011
0.0096
0.0048
0.0043

kt
0.2721
0.1922
0.0033
0.0023

R2
0.7924
0.8493
0.9591
0.8621

n
0.2813
0.3519
1.2441
1.2783

Korsemeyer Peppas
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Figure 9. (A) Bode plot and (B) Phase angle plot of mild steel samples coated with neat epoxy-polyamide
resin and epoxy with nanocontainers and bare mild steel at 2 h and 24 h immersion in salt solution.

Figure 10. Equivalent circuit used for the numerical fitting of the EIS data during immersion in a 3.5%
NaCl solution.
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Figure 11. DC polarization measurement plot in 3 different solutions (i) 5% NaCl, (ii) 5% NaOH and (iii)
0.5 M HCl of mild steel samples coated with neat epoxy-polyamide resin and epoxy with nanocontainers
and bare mild steel.

I Corr. (A/cm2)
E Corr. (v)
Corr. Rate (mm/y)

Bare metal
0.004977
−0.0364
57.77

Epoxy-Polyamide
0.002529
−0.6256
29.36

0.5 M HCl
ZMN
3.471E-7
0.2347
0.004029

Bare metal
0.2248
−0.4306
2611

Epoxy-polyamide
0.04709
−0.2690
546.9

5% NaOH
ZMN
2.946E-9
−0.8178
3.42E-5

Bare metal
0.0001903
−0.0893
2.209

Epoxy-polyamide
5.997E-5
−0.2434
0.6961

5% NaCl

Table 2. Summary of the electrochemical parameters obtained from the polarization, measured in 0.5 M HCl, 5% NaOH and 5% NaCl solutions.
ZMN
3.049E-5
−0.0457
0.354
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of bond between substrate metal and lone pair of electrons in an additive. The corrosion
inhibition efficiency and affinity for co-ordinate linkage can be increased by incorporating
various substituents at the ring which leads to increase in effective electron density at the
functional group of the additive [66–68]. In the present study benzotriazole has been used
as a corrosion inhibiting compound for mild steel substrates, which is effective in acidic condition [54,69–71] as well as in a neutral condition [57]. In acidic condition benzotriaozole
protects the metal from corrosion inhibition by mechanism of passivation [72,73]. Due to
the passivation mechanism, corrosion inhibition of metal surface occurs by the formation
of corrosion cell which leads to increase in the anticorrosive performance zinc molybdate
nanoconatiner in epoxy-polyamide coating. If electrolyte cell which contains a corrosion
inhibiting compound (benzotriazole) turn out to be inactive then core compound, i.e. zinc
molybdate nanoparticles can protect the metal substrate from corrosion inhibition by the
formation of insoluble precipitates by Zn2+ in salt and water, when exposed to corrosive
environments. These released Zn2+ ions when reacts with hydroxyl ions leads to formation
of passive hydroxides i.e. Zn(OH)2.

Zn2+ + 2OH− → Zn(OH)2
Similarly, when Zn2+ reacts with chloride ions forms ZnCl2.

Zn2+ + 2Cl− → ZnCl2
In addition when these ions combines with molybdate ions leads to increase in the anticorrosive performance of molybdate ions [74]. Qian et al. [75] states that enhanced corrosion
inhibition can be obtained with the combination of zinc and molybdate ions and which will
act as a cathodic inhibitor. Above mechanism of corrosion inhibition has been supported
by DC polarization test.

4. Conclusion
This study provides a successful formation of ZM nanocontainers by the encapsulation ZM
nanoparticles in PANI layer and deposition of polyelectrolyte layers as well as a corrosion
inhibitor (benzotriazole) in the presence of ultrasonic irradiations. TEM and SEM images
provide the evidence of the formation of shell and core assembly of ZM nanocontainer. The
quantitative analysis of discharge of corrosion inhibitor benzotriazole from ZM nanocontainers has been successfully performed with six different kinetic models and Korsmeyer–
Peppas release model is found to be better amongst various models used to predict the
release of corrosion inhibitor benzotriazole from ZM nanocontainers. The DC polarization
measurement results proved that the corrosion inhibitive performance of nanocontainer
based system is superior. It showed highest corrosion inhibition in 5% NaOH solution(corrosion rate 0.0005941 mm/y) compared to 0.5 M HCl (corrosion rate 0.004029 mm/y) and
5% NaCl solution (corrosion rate 0.1326 mm/y). Above results signify that the incorporation
of ZM nanocontainers into paint formulation improves its corrosion inhibitive properties
without terminating its consistency.
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