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In the present study the loading of imidazole in between polyelectrolyte layers was carried out and the
responsive release of imidazole was studied. Cerium zinc molybdate (CZM) was used as a core corrosion
inhibitive nano pigment. The release rate of imidazole from CZM nanocontainer has been quantitatively
estimated in water at different pH. The validation of quantitative analysis of release of corrosion inhibitor
was carried out using the kinetic models. Results of electrochemical corrosion analysis of nanocontainer
coatings on mild steel (MS) panel showed significant improvement in the anticorrosion performance of
the nanocontainer/alkyd resin coatings.
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1. Introduction

A problem of the modern day is rejection of materials due to
corrosion which can be possibly prevented with an application of
organic coatings that contain anticorrosion pigments. In recent
times, numerous attempts have been focused on highly efficient
corrosion inhibitive coating system with sustained release of the
corrosion inhibitive agent [1]. Among the present pigments, zinc
imparts anticorrosion properties by barrier and electrochemical
mechanism [2]. Also molybdate conversion coatings have been
investigated by many researchers as possible ‘nonchromate’
alternatives [3].

Technologies of encapsulation and release of various materials
(e.g., drugs, oils, perfumes or corrosion inhibitors) are one of the
rapidly developing research areas [4]. Nanocontainers and hollow
spheres have been a subject of great scientific and industrial
interest in the area of molecular biology, electronic materials,
medical imaging etc. [5,6]. Furthermore, nanocontainers have
been of concern to use as fillers, encapsulation of liquid agents,
etc. The shells can be formed either by hydrolysis [7], in situ
[8], in the presence of core materials. In the layer by layer assem-
bly method the liquid active agent is encapsulated into the layer
of oppositely charged polyelectrolyte layers. This method pro-
vides a good bonding of the organic functional groups to the
metal surface, good barrier properties for corrosion protection.
It is also important to note that these coatings remain active at
lower temperature [9,10]. Nanopigment production using sono-
chemical approach is one important approach as it leads to gen-
eration of narrow size pigments with desired structures [11,12].
Following are some of the reports show the preparation of the
layer by layer assembled nanocoatings. The preparation of shells
on corrosion inhibitive nanoparticle that are constructed of corro-
sion inhibitor materials such as imidazole. To produce an inhibit
impregnated polyelectrolyte shell, LbL deposition procedure
involving both large polyelectrolyte molecules surrounded on
inner and outer shell of the small quantity of a corrosion inhibitor
has been pursued by many researchers [9,13]. Nanocontainers
with a multifunctional shell can be prepared by using layer-
by-layer (LbL) assembly of oppositely charged species (polyani-
line and polyacrylic acid polyelectrolytes) on the surface [9]. PANI
[14] is an important conducting polymer which may be used for
the formation of a container because of its good environmental
stability, high conductivity and low cost. It is also reported that
PANI based coatings provided the protection to the metal surface
against corrosive environments such as sulfuric acid solutions in
the absence and presence of halide ions [15]. Kartsonakis et al.
[16] have incorporated ceramic nanocontainers loaded with cor-
rosion inhibitors into the conductive polymers coatings. The
incorporation of ceramic nanocontainers loaded with corrosion
inhibitor show significant enhancement in the corrosion resis-
tance of these coatings that indicates that the presence of loaded
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nanocontainers into the conductive polymers coatings improved
the corrosion protective properties of the films by increasing
the total impedance values, and decreasing both anodic and
cathodic currents relatively to coatings without nanocontainers.
Kartsonakis et al. [17] also demonstrated the effect of loading of
ceramic nanocontainers with corrosion inhibitor 2-mercaptoben-
zothiazole into hybrid organic–inorganic coatings on the corro-
sion protection of hot dip galvanized steel. In their report it has
been reported that the corrosion resistance of these prepared
coatings is found to be enhanced with loading of 4% w/w nano-
containers. Recently Kartsonakis et al. [18] have investigated the
corrosion protection effectiveness of multifunctional epoxy coat-
ings modified with pigments such as ceramic nanocontainers
loaded with corrosion inhibitor, chloride and water traps, applied
on AA2024-T3. Corrosion inhibitive efficiency has been reported
to be improvement in the presence of the various used pigments.
Saremi and Yeganeh [19] have applied mesoporous silica nano-
container powders as corrosion inhibitor hosts and dispersed in
the polypyrrole matrix. The more release of corrosion inhibitor
from mesoporous silica nanocontainer has been reported at
higher pHs and more aggressive chloride media indicating better
protection to the substrates.

Further several kinetics models reported in the literature such
as Zero order [20], first order [21], Higuchi [22], Hixson Crowell
[23,24], and Korsemeyer Peppas [25] can be used to describe the
corrosion inhibitor release from LbL assembled nanocontainers.
These are several models available which can represent the corro-
sion inhibitor release as a function of time. The model equations
can be derived from a theoretical analysis of the process e.g. zero
order kinetics. In many cases prolonged release of corrosion inhib-
itor theoretical equations are not available, therefore in some case
more adequate empirical equations can be used. Particle size, sol-
ubility, and types of corrosion inhibitor can influence the release
kinetics. The kinetic study of the corrosion inhibitor release has
been generally used to present the information about the diffusion
processes and matrix degradation. Tyagi et al. [26] have studied
different semi-empirical kinetic models to predict the release
mechanism of benzotriazole in the solution maintained at different
pH. The Korsmeyer–Peppas release model has been reported to be
the best among the models used to predict the release of the cor-
rosion inhibitor benzotriazole from silica nanocontainers.

A significant amount of work has been done in a past year, for
the preparation of molybdate ion based anticorrosion coatings
[11,27]. An investigation of molybdate behavior as a core material
in LbL prepared nanocontainer has been not yet studied. Also it has
been expected that initially release of imidazole will takes place
with change in the pH of the environment which is acts as an active
corrosion inhibitor in acidic as well as in basic environment and
protects the substrate by the adsorption of the compact passive
layer in its molecular or protonated form. Further once complete
release of imidazole takes place then PANI and cerium inhibits
the corrosion process thus protect the substrate from corrosion
effectively [28]. With this objective in the present study CZM nano-
particles were used as a core material in the CZM nanocontainer.
CZM nanocontainer was prepared by the deposition of polyaniline
(PANI), imidazole and polyacrylic acid (PAA) layers on CZM nano-
particles in the presence of ultrasonic irradiation. The corrosion
inhibitor (imidazole) is entrapped in between PANI and PAA layers.
The responsive release and release rate of imidazole has been
investigated quantitatively in aqueous media at different pH. The
different theoretical and empirical equations have been used to
study the release of corrosion inhibitor from LbL assembled CZM
nanocontainer. The corrosion inhibition ability of CZM nanocon-
tainer was evaluated by using dip test and electrochemical corro-
sion analysis method.
2. Experimental

2.1. Materials

Analytical grade zinc oxide (ZnO), cerium nitrate hexahydrate
(Ce(NO3)3�6H2O), sodium molybdate dihydrate (Na2MoO4�2H2O),
ammonium persulphate (APS, (NH4)2S2O8) as an initiator, sodium
dodecyl sulfate (SDS, NaC12H25SO4) as a surfactant and labora-
tory grade nitric acid (HNO3) were procured from S.D. Fine
Chem. and used as received without further purification. Analyt-
ical grade chemicals such as Myristic acid, imidazole, NaCl and
methanol procured from Sigma Aldrich Chemical Co. and were
used as received. Polyacrylic acid (PAA, Mw = 50,000 g mol�1)
was also procured from Sigma–Aldrich and were used as
received. The monomer aniline (analytical grade, M/s Fluka)
was distilled two times prior to use. Deionized water with con-
ductivity of <0.2 lS/cm generated using the Elix 3 UV water
purification system, has been used throughout the experimenta-
tion. Alkyd resin (Soya Alkyd Semidrying type) of Industrial
grade was purchased from M/s Mahuli Paints, Pune, India. In this
work Soya alkyd resin used has acid value = 06 and hydroxyl
value = 56.

2.2. Preparation of cerium zinc molybdate nanocontainers

Ultrasound assisted chemical precipitation method reported
by Patel et al. [11] was used for the synthesis CZM corrosion
inhibitive nanopigment. Initially sodium zinc molybdate media
were prepared by the chemical reaction between 0.2 M zinc oxide
and 0.2 M sodium molybdate dihydrate solutions under ultrason-
ication. Stoichiometric amount of nitric acid was added dropwise
to the above prepared mixture during the synthesis of sodium
zinc molybdate media with the aid of ultrasonic irradiation. The
reaction was carried out for 1 h in the presence of ultrasonic irra-
diation at 40 �C. Synthesis of CZM corrosion inhibitive nanopig-
ment was carried out by chemical reaction between 0.025 M
sodium zinc molybdate media and 0.016 M cerium nitrate hexa-
hydrate solution in distilled water in presence ultrasonic irradia-
tion for 40 min at 40 �C. The obtained precipitate was washed
with hot deionized water (80–85 �C) 2–3 times in order to
remove the impurity i.e. NaNO3. Further, preparation of CZM
nanocontainer has been implemented in a stepwise fashion. The
steps are outlined here:

(1) Loading of a PANI layer onto nano CZM core by ultrasound
assisted in-situ emulsion polymerization: Initially CZM
nanoparticles (4 g in 150 ml water) were functionalized with
0.1 g Myristic acid solution in 5 ml methanol under ultra-
sonic irradiation at 60 �C for 30 min to accomplish hydro-
phobic properties of CZM nanoparticles. Myristic acid
modification leads to adsorption of C13H27COO� functional
group on the CZM nanoparticles surface which will create
negative charge. Ultrasound assisted in-situ emulsion
polymerization was used for encapsulation of treated CZM
nanoparticles in PANI (positively charged) layer [15].
Encapsulation of CZM nanoparticles in PANI layer was
accomplished as per below reported steps:

(i) Surfactant solution and initiator solutions were prepared
separately by adding 1 g of SDS and 2 g of functionalized
CZM nanoparticles (on the basis of monomer) in 100 ml
deionized water and 3.5 g APS in 10 ml of deionized water
respectively and then transferred to sonochemical reactor
(Hielscher Ultrasonics GmbH, 22 kHz frequency 240 W
power) as per method reported by Bhanvase and Sonawane
[15].
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(ii) In next 30 min, 5 g aniline added was in the semibatch mode
in the presence of ultrasonic irradiation. The reaction was
carried out for 1 h at 4 �C temperature (total reaction time
1.5 h). The formed product was separated by centrifugation
(Remi Instruments Supply 220/230 V, 50 Hz, 1/ AC) at
8000 rpm for 10 min, and washed with deionized water to
remove unreacted material and impurities. The separated
PANI coated nano CZM product was dried at 60 �C in oven
for 4 h.

(2) Loading of imidazole (anticorrosion agent) on PANI coated
CZM: loading of imidazole layer on PANI coated CZM mate-
rial (synthesized in step 1) was carried out by adding 2 g
PANI loaded CZM in 0.1 N NaCl solution within 100 mL
water and imidazole solution (2 mg mL�1) in acidic media
(pH = 3) under ultrasound assisted environment for 20 min.
Further, loading of imidazole layer creates a negative charge
on the surface of PANI loaded CZM nanoparticles. The
obtained product was separated by centrifugation at
8000 rpm for 10 min, dried for 3 h at 60 �C and further used
for loading of PAA layer.

(3) Deposition of PAA on imidazole loaded PANI–CZM Nanopar-
ticles: to obtain responsive release of corrosion inhibitor at
different pH and to make nanocontainer compatible with
alkyd resin, the final PAA polyelectrolyte layer was added
after the loading of imidazole on PANI encapsulated CZM
nanoparticles. With the aid of ultrasonic irradiation, final
deposition of negatively charged PAA layer was carried out
on imidazole loaded PANI–CZM nanoparticles using
2 mg ml�1 PAA concentration solution again in 0.1 N NaCl
for 20 min. Finally, resulting product was separated by using
centrifugation at 8000 rpm for 10 min, washed with deion-
ized water and dried in oven at 60 �C for 48 h. The formation
mechanism of CZM nanocontainer is reported in Fig. 1.

2.3. Preparation of CZM nanocontainer/alkyd coatings

The coatings were prepared by dispersing CZM nanocontainers
(2.0 and 5.0 wt.%) in Soya alkyd resin (total paint composi-
tion = 10 g) with a use of pigment muller (Sheen Instruments at
400 rpm). Using the bar coater desired coating thickness was
accomplished (50 lm) on mild steel (MS) panels.

2.4. Characterization

XRD diffraction patterns of CZM and CZM nanocontainer were
recorded by using powder X-ray diffractometer (Rigaku Mini-Flox,
USA). The morphology of CZM nanocontainer was performed by
using transmission electron microscopy (TEM) (Technai G20
Fig. 1. Schematic illustration of the procedure for imidazole loading on CZM
nanocontainer.
working at 200 kV). Release of corrosion inhibitor imidazole con-
centration at different pH 2, 4, 7, 9 was measured using UV–vis
spectrophotometer (SHIMADZU 160A model). Fourier Transform
Infrared (FTIR) spectroscopic analysis of samples were carried out
(SHIMADZU 8400S) in the region of 4000–400 cm�1. The thermo-
gravimetric (TGA) and differential thermal (DTA) analysis was car-
ried using PerkinElmer TGA system (USA) from room temperature
to 650 �C in N2 atmosphere at a heating rate of 10 �C/min. The par-
ticle size distribution and Zeta potential measurements were car-
ried out by Malvern Zetasizer Instrument (Malvern Instruments,
Malvern, UK). The zeta potential measurements were carried by
dispersing CZM nanocontainer in deionized water (pH = 7). The dis-
persion of CZM nanocontainer in alkyd coating was carried out and
formed coating was applied to the MS panel (7.86 g/cm3 density) to
check its corrosion inhibition performance. The thickness of the
coating film on MS plate was maintained close to 50 lm. Electro-
chemical corrosion analysis (Tafel plot (log |I| vs. E)) was carried
out in 5% NaCl solution as an electrolyte at room temperature
(25 �C) and these all characterization was performed on the com-
puterized electrochemical analyzer (supplied by Autolab Instru-
ments, Netherlands). Alkyd resin with three different coated MS
plates containing 0, 2 and 5 wt.% CZM nanocontainer dispersed in
the same alkyd resin were used as working electrode, while Pt were
used as counter and Ag/AgCl as reference electrodes respectively.
The area about 1 cm2 was used for sample testing. The electrochem-
ical window was �1.5 V to 0 V with 2 mV/s scanning rate.
3. Results and discussions

3.1. Formation mechanism, particle size distribution and zeta potential
of CZM nanocontainer

Fig. 1 shows the formation mechanism of CZM nanocontainer.
As reported in Fig. 1, initially with a use of a novel ultrasound
method synthesis of CZM nanoparticles was carried out. In the
presence of ultrasonic irradiations CZM nanoparticles were func-
tionalized with Myristic acid (MA) to improve its hydrophobicity
for the compatibilization with PANI. Functionalization of CZM
nanoparticles with MA leads to adsorption of negatively charged
functional groups C13H27COO� on the surface of CZM nanoparti-
cles. Ultrasound assisted in-situ emulsion polymerization process
was used for the loading of PANI layer on functionalized CZM
nanoparticles. The reduced negative surface charge is a confirma-
tion of an adsorption of PANI layer on CZM nanoparticles. Also
because of the hydrophobicity of MA coated CZM nanoparticles
and developed negative charge on CZM nanoparticles, the adsorp-
tion of PANI layer is successfully taken place. Deposition of corro-
sion inhibitor i.e. negatively charged imidazole is achieved on PANI
loaded on CZM nanoparticles. Finally deposition of negatively
charged PAA layer is carried out after adsorption of imidazole layer.
Use of ultrasonic irradiations during adsorption of PANI, imidazole
and PAA layer results into reduced nanocontainer size which may
result in uniform coating formation.

Nanocontainer stability depends upon the electrolyte strength
of above mentioned adsorbed surface layers on CZM nanoparticles.
Zeta (f) potential of the prepared CZM nanocontainer after adsorp-
tion of each layer in water is reported in Fig. 2A. The value of zeta
potential of bare CZM nanoparticles is �8.13 mV. The zeta poten-
tial value is changed to �14.8 mV after functionalization of CZM
nanoparticles using Myristic acid. It is attributed to the presence
functional group C13H27COO� on the CZM nanoparticles surface
due to Myristic acid adsorption. Positively charged PANI was cho-
sen as the next layer of the MA functionalized CZM nanoparticle
surface. Therefore, zeta potential value after loading of PANI layer
on MA treated CZM nanoparticles was established to be �13.2 mV.



Fig. 2. (A) Zeta potential and (B) particle size of CZM nanocontainer after each layer
deposition. Layer number 0: Bare CZM, 1: Modified CZM, 2: CZM/PANI, 3: CZM/
PANI/imidazole, 4: CZM/PANI/imidazole/PAA.
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The zeta potential after loading of corrosion inhibitor i.e. imidazole
was�19.0 mV, which is attributed to the successful loading of neg-
atively charged imidazole. After adsorption of final PAA layer, the
zeta potential value again decreases to �19.6 mV. It is due to
adsorption of negatively charged PAA chains. The zeta potential
value confirms an intra-particle interaction and the adsorption of
charged species in the CZM nanocontainer. Also the zeta potential
change is reasonably small which an indication of agglomeration of
prepared CZM nanocontainers. Clear agglomeration is observed in
TEM images reported in subsequent section.

From the results of particle size analysis as shown in Fig. 2B, it is
found that there is a formation of the layered structure of CZM
nanocontainer. The initial particle size of CZM nanoparticle was
established to be around 26 nm and it is found to increase to
31 nm after loading of Myristic acid layer. The formation of the
PANI layer by the emulsion polymerization onto CZM nanoparti-
cles, further, leads to increase in the particle size to 122 nm. After
completion of loading of PANI onto CZM nanoparticles, the adsorp-
tion of corrosion inhibitor i.e. imidazole was carried out. Fig. 2B
depicts an increase in the particle size up to 156 nm after loading
of imidazole. It shows that the major imidazole was adsorbed onto
the surface of PANI loaded CZM nanocontainer. Finally adsorption
of PAA layer was established by emulsion polymerization onto the
imidazole layer, which results in an increase in the average particle
size of 287.3 nm. The average particle size is found to be increased
after adsorption of each layer as shown in Fig. 2B, which indicate
the successful formation of CZM nanocontainer with PANI, imidaz-
ole and PAA layers.
Fig. 3. TEM Images of CZM nanocontainer at different magnification.
3.2. Morphology analysis of CZM nanocontainer

TEM images of prepared CZM nanocontainer after loading with
PANI, active corrosion inhibitive agent imidazole and PAA prepared
layer by layer method are depicted in Fig. 3 at different magnifica-
tions. It is found that the particle size of CZM nanocontainer pre-
pared by ultrasound assisted method is around 110–150 nm,
which is consistent with the particle size analysis as described in
earlier sections. It can be ascertained from the reported TEM
images that the morphology of the particles is homogeneous how-
ever some nanoparticles agglomerate due to small particle size and
high surface energy [29]. The morphology of the CZM nanocontain-
er synthesized by ultrasound irradiation is quiet in distorted spher-
ical shape. Further the nanocontainer particle size is smaller which
can be easily explained on the basis of the effects of ultrasonic irra-
diation. The smaller size of CZM nanocontainers in the present
work is attributed to the use of cerium zinc molybdate (CZM)
nanoparticles as a template i.e. core material during preparation
of CZM nanocontainers by layer-by-layer deposition of polyelec-
trolytes and corrosion inhibitor. CZM nanoparticles were prepared
by ultrasound assisted method as per the procedure reported by
Patel et al. [11]. The cavitational effects generated by the ultrasonic
irradiation can result in physical and chemical transformation in
the system. This improves the nucleation and solute transfer rate
due to ultrasonic irradiations leads to the formation of smaller
sized CZM nanoparticles. Further deposition of PANI layer on
CZM nanoparticles by in-situ ultrasound assisted emulsion poly-
merization helps in the formation of PANI encapsulated CZM nano-
particles with average particle size of 122 nm. The deposition of
imidazole and PAA has been carried out in the presence of ultra-
sound environment that helps in the formation of smaller size
CZM nanocontainers. Further due to the presence of ultrasonic irra-
diation the agglomeration can be reduced to some extent leading
to the formation of smaller sized CZM nanocontainers. Also in
the present work agglomeration is an important issue. The main
reason for getting more particle size of the CZM nanocontainer
during its particle size analysis using Malvern Zetasizer Instrument
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is agglomeration of CZM nanocontainers due to its high surface
energy. However maximum numbers of particles of CZM nanocon-
tainers are fall in the particle size range of 110–150 nm which are
detected in the TEM image analysis.
3.3. FTIR analysis of CZM nanocontainer

Fig. 4 depicts the FTIR spectrum of pure CZM (pattern A), Mod-
ified CZM (pattern B), CZM loaded with PANI (pattern C), CZM
loaded with PANI and imidazole (pattern D) and CZM loaded with
PANI–imidazole–polyacrylic acid (pattern E). FTIR spectrum of cer-
ium zinc molybdate prepared by sonochemical method is depicted
in Fig. 4 (pattern A). The characteristic peak present at 410, 727
and 833 cm�1 are attributed to molybdate ion [30,31]. Also the
OAH stretching vibrations are depicted in region 2800–
3300 cm�1. The very weak characteristic peaks at 1633 and
3564 cm�1 is assigned to OAH stretching vibration of water mole-
cules, due to the presence of moisture in the sample. FT-IR spectra
also show characteristic peaks at 1155 cm�1 corresponds to
CeAOAH bending mode [32,33] and at 902 cm�1 corresponds to
molybdate ion. Further the bands of molybdate ion and Ce(OH)2+

in the regions of 400–800 cm�1 are observed which is depicted in
Fig. 4A. An FTIR spectrum of Myristic acid modified CZM nanopar-
ticle is depicted in Fig. 4 (pattern B) shows stretching vibration at
2924 and 2852 cm�1 in addition to the characteristic peaks of MA
modified CZM nanoparticles due to CAH which came from the
ACH3 and ACH2 in the Myristic acid respectively. Further charac-
teristic peaks at 1400, 1468 and 1545 cm�1 are attributed to the
bending of AOH. In this work, the FTIR spectrum of MA modified
cerium zinc molybdate was obtained after eliminating the unused
Myristic acid from the cerium zinc molybdate surface. In Fig. 4
(pattern C), stretching mode of an amine group (CAN) of PANI
which corresponds to the characteristic peak at 1251 cm�1 and
the peak at 1504 cm�1 represents a C@C stretching mode of the
quinoid rings and C@C stretching of benzenoid rings respectively
[34]. The FTIR spectra demonstrate that PANI layer has been coated
on the surface of CZM nanoparticles. The peaks of PANI layer
detected in the range between 3506 and 2995 cm�1 are due to
the NH2 stretching and CAH bonds, respectively [9]. Fig. 4 (pattern
D) depicts the FTIR spectrum of formation imidazole loading on
PANI loaded Myristic acid modified CZM nanoparticles. While in
Fig. 4 (pattern D), imidazole adsorbed layer consists stretching of
(C@C) bonds at 1423–1637 cm�1 which indicates the presence of
the imidazole group in that layer [35]. Basically, imidazole is made
from Myristic acid and tetramine group so in this spectrum
trace of Myristic acid was also found at 2872–2937 cm�1. The
Fig. 4. FTIR spectra of: (A) bare CZM nanoparticles, (B) MA functionalized CZM
nanoparticles, (C) modified CZM loaded with PANI, (D) modified CZM loaded with
PANI and then imidazole and (E) modified CZM loaded with PANI, imidazole and
PAA.
characteristic bands at 1749 cm�1 are for the PAA carbonyl C@O
stretching [36].

3.4. XRD analysis of cerium zinc molybdate nanocontainer

Fig. 5 depicts the XRD patterns of the CZM nanoparticles and
CZM nanocontainers prepared by sonochemical method. XRD pat-
tern of CZM nanoparticles is depicted in Fig. 5A. The diffraction
peaks at a 2h value of 12.2�, 14.5�, 25.2�, 26.2�, 29.2�, 32�, 34.2�,
47.7� and 48.7� are attributed to the presence of Zn, Ce and Mo oxi-
des in cerium zinc molybdate [11,37–39] which is an indication of
successful formation of cerium zinc molybdate. Fig. 5B depicts the
XRD pattern of CZM nanocontainer. CZM particles were completely
encapsulated with layers of polyelectrolyte and imidazole corro-
sion inhibitor. However, the characteristics peaks at 12.2�, 14.5�,
25.4�, and 29.4� were showing the presence of cerium zinc molyb-
date at the core of the CZM nanocontainer which is encapsulated in
layer-by-layer assembly of CZM nanocontainer.

3.5. TGA and DTA of cerium zinc molybdate nanocontainer

Thermogravimetric analysis (TGA) curves of CZM nanoparticles
and CZM nanocontainer is depicted in Fig. 6. TGA plot of CZM nano-
particles prepared by sonochemical method indicates the first
weight loss (3.4%) in the range of 50–150 �C, which is attributed
to desorption of free and physically adsorbed water on CZM nano-
particles [32]. The second weight loss (5.56%) in the range of 150–
325 �C is due to the removal of chemisorbed water; the monolayer
of H2O molecules that directly interact with the solid surface such
as cerium cations and hydroxyls; and to the dehydroxylation
(release of OH� from the structure) [33]. The total weight loss up
to 700 �C is observed to be 9.6%. The possible reason behind the
weight loss of CZM nanoparticles prepared by sonochemical
method is due to crystallization of amorphous cerium zinc molyb-
date into crystalline phase [32]. According to the TG curve of the
CZM nanocontainer synthesized by ultrasonic irradiation as shown
in Fig. 6, the weight loss of CZM nanocontainer can be divided into
three stages. The first weight loss (22.21 wt.%) is observed in the
range of 50–255 �C which can be attributed to desorption of phys-
ically adsorbed as well as hydrated water in the CZM nanocontain-
er. The second weight loss (53.98 wt.%) is in the range of 255–
485 �C can be attributed to weight loss due to burning off PAA,
PANI and imidazole molecules. The third and final weight loss
(3.68 wt.%) between 485 and 650 �C is due to crystallization of
amorphous CZM nanoparticles. Overall, the weight loss from 255
to 485 �C is due to oxidative pyrolysis of hydrocarbon moieties
present in the polymer.

The DTA curves of CZM nanoparticles and CZM nanocontainer
are depicted in Fig. 7. DTA plot of CZM nanoparticles shows three
Fig. 5. XRD patterns of (a) CZM nanoparticles prepared by sonochemical method at
40 �C and (b) CZM nanocontainers.



Fig. 6. TG curve of CZM nanoparticles and CZM nanocontainers in the temperature
range 50–650 �C.
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endothermic peaks at 180, 300 and 540 �C. The peaks at 180 and
300 �C are attributed to desorption of free and physically adsorbed
water [32] and the removal of chemisorbed water (release of OH�

from the structure) [33] from CZM nanoparticles respectively. The
endothermic peak at 540 �C is attributed to crystallization of amor-
phous cerium zinc molybdate into crystalline [32]. DTA plot of CZM
nanocontainers (Fig. 7) shows endothermic peaks at 255 and
285 �C are due to removal of physically adsorbed water [32] and
chemisorbed water [33] from CZM nanoparticles respectively,
which in line with the discussion made in TGA section. The exo-
thermic peaks at 425, 465 and 485 �C are attributed to multistage
decomposition of PAA, imidazole and PANI respectively from CZM
nanocontainer, which is well supported by TGA analysis [40].
Fig. 8. (A) Release and (B) release rate of imidazole from CZM nanocontainers at
different pH values.
3.6. Release study of corrosion inhibitor from cerium zinc molybdate

nanocontainer

The release concentration and release rate of imidazole are
depicted in Fig. 8A and B respectively. It has been found that the
imidazole is a good inhibitor for ferrous metal under acidic as well
as in basic environment [41–43]. Imidazole forms the compact
passive layer by the adsorption of imidazole in its molecular or
protonated form [44,45]. The objective of this study is to see the
effect of pH of the aqueous medium (2, 4, 7 and 9) on the release
of imidazole mg/g of CZM nanocontainer in 20 mL solution at dif-
ferent pH and on the release rate of the imidazole (mg/g of CZM
nanocontainer min). It has been noted that the release of imidazole
is found to be increased with respect to time then it gets stabilized,
however, the release rate of imidazole increases with respect to
Fig. 7. DTA curve of CZM nanoparticles and CZM nanocontainers in the temper-
ature range 50–650 �C.
time initially and further, it gets decreases as the concentration
of imidazole increases in the surrounding aqueous medium. This
increase in the release of imidazole in the surrounding aqueous
medium is responsible for the decrease in the diffusion rate of
the imidazole with decrease in the concentration gradient with
respect to exposure time. Further it is also found that the release
rate of imidazole was decreased with an increase in the pH value
from 2 to 7 and again increases in basic medium i.e. at pH 9. The
release rate of imidazole was found to be decreased from 1.92 to
0.31 mg/g of CZM nanocontainer min for an increase in the pH
from 2 to 7 at the end of the 10 min. The larger release at pH 2
has led to the formation of passive layer of imidazole on the ferrous
metal surface results in corrosion inhibition in acidic medium.

The release of imidazole was also studied using zero order, first
order, Higuchi, Korsemeyer Peppas and Hixson Crowell model for
different pH conditions (Table 1). Fig. 9 shows corrosion inhibitor
i.e. imidazole release behavior at different pH conditions. It is
found from Table 1 that the Korsemeyer Peppas and Hixson
Crowell model shows better fit compared to other models [26].
Further parameter estimation has been carried out and is reported
in Table 1. In all the cases, rate constant values are found to be
more at pH 2 and pH 9 compared to pH 7 indicating more diffusion
of corrosion inhibitor in acidic and basic condition giving better
corrosion inhibition performance [46,47].
3.7. Electrochemical characterization of CZM nanocontainer/alkyd
coatings

Fig. 10 depicts the electrochemical analysis (Tafel plot) for neat
alkyd resin coatings, and coatings with 2 and 5 wt.% loading of CZM
nanocontainer in alkyd resin and then coated on MS panel, which



Table 1
Model equations details and its comparison for release of corrosion inhibitor from CZM nanocontainer.

pH Zero order First order Higuchi model Korsemeyer Peppas Hixson Crowell
Qt = Q0 + k0t ln (M1/

Mt) = kt
Qt ¼ KHt1=2 Qt=Q0 ¼ kttn

W1=3
0 �W1=3

t ¼ jt

k0 (mg of Imidazole/g of
CZM nanocontainer min)

R2 k
(min�1)

R2 KH (mg of Imidazole/g of CZM
nanocontainer min1/2)

R2 kt

(min�n)
n R2 j (mg of Imidazole1/3/g of CZM

nanocontainer1/3 min)
R2

2 0.46 0.36 0.038 0.91 3.606 0.876 0.000603 0.24 0.79 0.033 0.85
7 0.25 0.99 0.016 0.99 1.853 0.879 0.000026 0.91 0.98 0.014 0.98
9 0.31 0.97 0.027 0.79 2.291 0.860 0.000052 0.76 0.92 0.020 0.90

Qt = amount of corrosion inhibitor (mg of Imidazole/g of CZM nanocontainer) released in time t, Q0 = initial amount of corrosion inhibitor (mg of Imidazole/g of CZM
nanocontainer) in the solution (in this case Q0 = 0), k0 = zero order release constant (mg of Imidazole/g of CZM nanocontainer min), Mt = corrosion inhibitor present in CZM
nanocontainer (mg of Imidazole/g of CZM nanocontainer) at time t, M1 = Initial amount of corrosion inhibitor in CZM nanocontainer (mg of Imidazole/g of CZM nanocon-
tainer), k = first order rate constant (min�1), KH = Higuchi dissolution constant (mg of Imidazole/g of CZM nanocontainer min1/2), Wt = remaining amount of corrosion
inhibitor in CZM nanocontainer (mg of Imidazole/g of CZM nanocontainer) at time t, W0 = Initial amount of corrosion inhibitor in CZM nanocontainer (mg of Imidazole/g of
CZM nanocontainer), j (kappa) = constant incorporating the surface-volume relation (mg of Imidazole1/3/g of CZM nanocontainer1/3 min), kt = Release rate constant (min�n),
n = release exponent.

Fig. 9. Corrosion inhibitor (imidazole) release behavior using Korsemeyer Peppas
model for different pH conditions.

Fig. 10. Tafel plots of mild steel samples coated with different coating materials
loaded with CZM nanocontainer in alkyd resin in 5 wt.% NaCl solution.
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was carried out in 5 wt.% aqueous NaCl solution at room tempera-
ture. The Tafel plot is plotted as log (current density) as a function
of applied potential (V vs. Ag/AgCl). The measured current density
is generated from the corrosion process for any redox reactions
(cathodic and anodic reactions) takes place simultaneously. The
corrosion current density, Icorr and corrosion potential, Ecorr values
were found from the Tafel plot by Tafel extrapolation method. In
this method tangents are drawn to anodic and cathodic curve
and from its intersection corrosion current density, Icorr and corro-
sion potential, Ecorr was estimated. The Tafel plot (E as a function of
log (|I|), where I represents the total measured current density, i.e.,
Ic + Ia) can isolate these two cathodic and anodic reactions. It is
established that corrosion current density was decreased from
0.02 (for neat alkyd resin) to 0.013 A/cm2, when 2 wt.% CZM
nanocontainers are dispersed in neat alkyd resin coatings and it
is further decreased to 0.008 A/cm2 when loading of CZM nanocon-
tainers is increased to 5 wt.%. Ecorr values are found to be shifted to
the positive side from �0.917 to �0.519 V vs. Ag/AgCl with the
addition of 5 wt.% of CZM nanocontainers in alkyd resin.

The overall results of release rate, and electrochemical (Tafel
plot) analysis indicates that the addition by 5 wt.% CZM nanocon-
tainers in alkyd resin shows a significant enhancement in the cor-
rosion inhibitive properties compared to neat alkyd resin.
4. Conclusion

In the present study successful preparation of CZM
nanoparticles, encapsulation CZM nanoparticles in PANI layer
and deposition of polyelectrolyte layers as well as corrosion
inhibitor (imidazole) for the preparation of CZM nanocontainers
was carried out in the presence of ultrasonic irradiations. The
principal conclusions are:

1. The presence of ultrasonic irradiation can accelerate the nucle-
ation rate resulting in reduction of CZM nanoparticles size and
which was found to be 26 nm. TEM images confirm the forma-
tion of smaller sized CZM nanocontainers, which is essentially
due to the cavitational effects of ultrasonic irradiations during
the preparation process.

2. The quantitative analysis of release of corrosion inhibitor i.e.
imidazole from CZM nanocontainers was successfully carried
out using different kinetic models like zero order, first order,
Hixson–Crowell, Higuchi and Korsmeyer–Peppas models.

3. Results of release study, and electrochemical corrosion (Tafel
plots) analysis of nanocontainer coatings on mild steel (MS)
panel showed significant improvement in the anticorrosion
performance of the nanocontainer/alkyd resin coatings,
which is attributed to the optimum loading of the CZM
nanocontainers.
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