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HIGHLIGHTS

« Ultrasound assisted synthesis of calcium zinc phosphate nano pigment demonstrated.

« LbL assembly of calcium zinc phosphate nanocontainers have been achieved.

« Improvement in the anticorrosion properties of coatings due to the nanocontainers.
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The present work deals with the loading and responsive release of corrosion inhibitor (benzotriazole) on
polyelectrolyte layer in the case of anticorrosive nano pigment calcium zinc phosphate [CaZn,(PO,4),] pre-
pared by layer-by-layer (LbL) method. Synthesis of CaZn,(PO4), and the encapsulation of polyaniline
(PANI) on nano CaZn,(PO4), and LbL assembly of nanocontainers has been achieved using ultrasonic irra-
diation. Formation of small/uniform particle size of nanopigment and complete encapsulation of poly-
electrolyte on the pigment has been observed mainly due to the presence of ultrasonic irradiations
during the preparation process. The release of benzotriazole from CaZn,(PO,4), nanocontainer have been
quantitatively evaluated in water at different pH. With an increase in the percent loading of CaZn,(PO4),
nanocontainer from 0 to 4%, the corrosion rate has been found to be decreased from 2.2 to 0.15 mm/y
respectively in 5% HCl. Corrosion potential values are found to be shifted to positive side from —0.62
to —0.485 V with the addition of 4 wt.% of CaZn,(PO4), nanocontainers in the alkyd resin. Results of cor-
rosion rate analysis, Tafel and Bode plots of nanocontainer coatings on mild steel panel showed signifi-

cant improvement in the anticorrosion performance of the nanocontainer/alkyd resin coatings.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Pigments such as lead and chromates are not preferred in the
surface coating formulations due to the environmental reasons
and are now being replaced by the eco friendly pigments. Such
pigments include phosphate based pigments among which zinc
phosphate has been found to have wide range of application
due to its non-toxic nature, excellent anticorrosive properties
and can be readily used in the coatings [1-4]. Recently, the pig-
ments containing the basic phosphates and its modifications with
cations and anions such as Zn, Si, Ca, Fe, K have been depicted as
modified eco-friendly pigments. This modification can enhance
the corrosion inhibition efficiency and make water insoluble
complex leading to an enhancement in the anticorrosion prop-

* Corresponding author. Tel.: +91 870 2462626.
E-mail address: shirishsonawane@rediffmail.com (S.H. Sonawane).

1385-8947/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.cej.2013.07.030

erty. Few literature illustrations also report modified phosphate
pigments using organic moieties such as long chain organic mod-
ifiers on organo-clay or nanoclay. Functionalization of phosphate
compounds by addition of organic moieties is a recent technology
in anticorrosion coatings; however, the important requisite is
that the surface of metal should be compatible for silane cou-
pling. Recent works also report the additions of ions such as cat-
ion like calcium, potassium, aluminum etc. during preparation of
nanopigments, which are being used as anticorrosion pigments in
the surface coating industry ranging in the micrometer size [5-9].
Only few reports illustrate the synthesis of calcium zinc phos-
phate in nanosize range [10]. Inherently, zinc phosphate pigment
has low anticorrosion property due to low solubility. Anticorro-
sion performance of zinc phopshate pigment can be intensified
by modifying the zinc phosphate pigment by an addition of cat-
ions such as calcium, potassium, aluminum or anions such as
Si0, and MoO: [10,11].
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Use of ultrasonic irradiations has been proved to be a useful tool
for intensification of the synthesis of nanoparticles [12]. The chem-
ical effects of ultrasonic irradiation arise from acoustic cavitation,
which can be described as the formation, growth and implosive
collapse of bubbles in a liquid medium resulting in the generation
of high temperature and pressure pulse and intense turbulence
associated with liquid circulation currents [13,14]. These extreme
conditions of high temperature, pressure and local intense micro-
mixing helps in the formation of nanoparticles with near-uniform
size distribution [12,15]. With this background, the synthesis of
calcium zinc phosphate is investigated in the presence of ultra-
sound, which is expected to assist the dissolution of precursor of
zinc phosphate and generate final particles with smaller size with
narrow size distribution. Further, if the calcium zinc phosphate
particle size is reduced to nanosize range, it is expected to show
a better effect on the anticorrosion properties of coatings based
on calcium zinc phosphate [10].

Encapsulation of active materials loaded on the inorganic core is
one of recent technique, for the storage and release of liquid corro-
sion inhibitor on the demand, described as ‘“nanocontainers”
which could be loaded on the organic coating formulations [16-
23]. The important advantages offered by the incorporation of
these containers into organic coatings are as follows, (1) responsive
and sustainable release of inhibitor as a function of pH or temper-
ature (2) if the liquid inhibitors cannot be used directly in the coat-
ings formulation due to possible reaction of these inhibitors with
the coating, encapsulation method can be used to prepare the res-
ervoir of inhibitors in micro or nano-container. In order to achieve
the dual advantage of the anticorrosive pigment (core of nanocon-
tainer) and inhibitor loaded on the inorganic core, calcium zinc
phosphate has been used as a core of the nanocontainer formula-
tion, which works as a cathodic inhibitor controlling the cathodic
reactions as well as a good nano-filler. Nanosize calcium zinc phos-
phate may significantly inhibit the corrosion of the bare steel by a
cathodic protection mechanism, which is also enhanced due to an
increase in its surface area (due to the reduction in the size to
nano-range). Also the protection of metal substrate is given by
cathodic inhibition properties of Zn?* by precipitation at cathode
(reduction of O, to HO™) and thereby preventing the direct contact
between the metal surface and potentially aggressive species such
as 0y, H,0, CI™ etc. and hence metal surface is protected.

The current work reports an innovative attempt to prepare
nanocontainer using calcium zinc phosphate. The main aim of this
study was to intensify the synthesis of nano-pigment in the form of
layer by layer assembly using ultrasound and to evaluate the anti-
corrosive properties of calcium zinc phosphate nanocontainer. The
calcium zinc phosphate pigment was innovatively prepared
through ultrasound assisted co-precipitation technique. Further
studies involved the preparation of nanocontainers using the cal-
cium zinc phosphate pigment as a core and loading these contain-
ers into the alkyd resin at different concentrations. The release of
the benzotriozole inhibitor from the Layer by Layer (LbL) assembly
of calcium zinc phosphate nanocontainers incorporated in alkyd
resin has also been investigated. One of the prospective applica-
tions of these nanocontainers could be for the corrosion protection
in the oil and gas field and marine equipment applications.

2. Experimental
2.1. Materials

Analytical grade chemicals such as zinc oxide (ZnO), calcium
hydroxide (Ca(OH),), phosphoric acid (H3PO,4), ammonium persul-

phate (APS, (NH4),S,0s, inhibitor) and sodium dodecyl sulfate
(SDS, NaC;5H3550,, surfactant) were procured from S.D. Fine Chem.

and used as received without further purification. Analytical grade
chemicals such as sodium hydroxide, benzotriazole, HCl, NaOH,
NaCl and ethanol, polyacrylic acid (PAA, M,, = 50,000 g mol ') were
procured from Sigma Aldrich. The monomer aniline (analytical
grade, M/s Fluka) was distilled two times prior to the use. Demin-
eralized water prepared using Millipore apparatus was used during
all the experimental runs.

2.2. Concept of preparation of CaZny(PO4), nanocontainer

Fig. 1 depicts the mechanism of CaZn,(PO,), nanocontainer
synthesis process. As shown in Fig. 1, initially the CaZny(PO,4),
nanoparticles are functionalized with Myristic acid (MA), which
improves the hydrophobicity of the CaZn,(PO4), nanoparticles
and subsequently, negatively charged C;3H,;COO™ ions gets ad-
sorbed on the surface of CaZn,(PO4), nanoparticles. Due to the
hydrophobicity of MA coated CaZn,(PO4), nanoparticles and
developed negative charge on CaZny(PO4), nanoparticles, the
deposition of PANI layer on CaZn,(PO4), nanoparticles is success-
fully accomplished in the next step. Further, adsorption of sec-
ond layer of benzotriazole molecules is obtained on the PANI
encapsulated calcium zinc phosphate nanoparticles. Finally,
adsorption of the negatively charged PAA layer is accomplished
after the formation of the layer of benzotriazole. Use of ultra-
sonic irradiations in all the depositions of PANI, benzotriazole
and PAA layer results in the distinct formation of CaZny(PO,),
nanocontainer particles with an increased component diffusivity
meeting the requirements of the particle size and uniform coat-
ing/layer formation.

2.3. Ultrasound assisted preparation of CaZny(PO,), and
nanocontainers

Synthesis of CaZn,(PO4), has been carried out by using ultra-
sound assisted chemical precipitation method. Initially, aqueous
solution of calcium zincate was prepared by chemical reaction be-
tween 2.2 g zinc oxide and 4.8 g calcium hydroxide prepared in
250 mL deionized water in the presence ultrasonic irradiation
(ultrasonic horn operating at frequency of 22 kHz and power as
240 W) and magnetic stirring for 20 min. The reaction mass was
then heated to 60 °C and reaction temperature was maintained
throughout the experimentation. Drop-wise addition of stoichiom-
etric amount of dilute H3PO,4 to the above prepared mixture was
accomplished within 30 min in the presence of ultrasound irradia-
tion and further reaction was continued for additional 30 min (to-
tal reaction time being 60 min). Synthesis of CaZn,(PO4),
nanocontainers have been carried out in a stepwise manner as de-
scribed below:

2.3.1. Preparation of PANI encapsulated nano CaZnx(PO,),

During the synthesis of CaZn,(PO4), nanocontainer by LbL
method, CaZn,(PO4), was used as core because of its excellent
anticorrosion properties due to the presence of Zn and phosphate
moieties. CaZn,(PO,4), nanoparticles were initially functionalized
using the myristic acid by adding 0.2 g myristic acid (MA) in
10 mL methanol and then adding it subsequently in the aqueous
solution containing CaZny(PO4), (1 g in 100 mL water) at 60 °C.
The mixture was then irradiated using ultrasonic horn for
60 min. Myristic acid functionalization generates negative
charges on the surface of CaZny(PO4),. Encapsulation of MA func-
tionalized CaZn,(PO,), (core) by positively charged PANI layer
has been accomplished by ultrasound assisted in situ emulsion
polymerization [24]. Initially, surfactant solution was prepared
by adding 3 g of SDS and 0.2 g of MA modified CaZn,(PO4), in
50 mL water, which was subsequently transferred to an ultra-
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Fig. 1. Schematic illustration of the procedure for synthesis of CaZn,(PO,4), nanocontainer.

sound reactor. Initiator solution was prepared independently by
adding 3.5 g ammonium persulphate (APS) in 20 ml of deionized
water and then added to the reactor. Further, drop wise addition
of a total quantum of aniline as 5 g was achieved over a period of
30 min. After complete addition of aniline, the entire reaction
mixture was sonicated in reactor at 4 °C temperature throughout
the reaction time of 1.5 h. Formed PANI coated CaZn,(PQ,4), nano-
container particles were separated by centrifugation and then
washed with water. The separated product was dried at 60 °C
in oven for 4 h.

2.3.2. Benzotriazole layer loading on PANI-CaZny(POy),

PANI encapsulated CaZn,(PO,4), materials (2 g) was added into
0.1 N Nacl solution prepared in 100 mL water. Further, loading of
positively charged benzotriazole layer on the surface of PANI
encapsulated CaZny(PO4), nanoparticles was accomplished using
2 mg mL~! of benzotriazole in acidic media at pH 3 in ultrasound
assisted environment for 20 min. Benzotriazole loaded PANI-
CaZn,(PO4), nanoparticles were separated by centrifugation and
used for further PAA layer loading.

2.3.3. PAA loading on benzotriazole-PANI-CaZny(PO,), Particles

In order to get a response due to the change in the pH and to
make nanocontainers compatible to resin, polyacrylic acid poly-
electrolyte layer was added after the loading of benzotriazole on
PANI layer. PAA polyeletrolyte deposition was carried on benzotri-
azole loaded PANI-CaZn,(PO,), nanoparticles using 2 mg mL~! PAA
solution in 0.1 N NaCl in the presence of ultrasound irradiation for
20 min. Finally, the resulting CaZn,(PO,4), nanocontainer particles
were centrifuged and then dried in oven at 60 °C for 48 h. Thus,
LbL assembly consists of MA modified CaZny(PO,), as core of the
assembly and benzotriazole inhibitor was loaded in between the
layers of PANI and PAA.

2.4. Preparation of CaZny(PO,), nanocontainer/alkyd coatings

Preparation of CaZn,(PO,4), nanocontainers/alkyd coatings has
been accomplished by dispersing 2.0 and 4.0 wt.% of freshly pre-
pared CaZn,(PO,4), nanocontainers in Soya alkyd resin (total quan-
tity as 10 g). Dispersion of these nanocontainers is achieved using
automatic pigment muller. The prepared coating was thoroughly
mixed with acetone solution to ease the application of coating by
using bar coater on mild steel panels having dimensions
50 x 40 x 1 mm.

2.5. Characterization of prepared nanocontainer and coatings

XRD diffraction patterns of CaZny(PO4), and CaZny(PO4), nano-
container were recorded by using powder X-ray diffractometer
(Philips PW 1800). The morphology of CaZn,(PO,4), nanocontainer
was established using transmission electron microscopy (TEM)
(Technai G20 working at 200 kV) and atomic force microscopy
(AFM). Release of corrosion inhibitor benzotriazole at different

pH was measured using UV-vis spectrophotometer (SHIMADZU
160A model). Initially the calibration curve was plotted for differ-
ent concentrations over the range 0.01-1 mg/L of Benzotriozole.
Proportionate benzotriazole release in water was calculated from
the absorbance. The concentration of benzotriazole was reported
in mg of benzotriazole released per g of nanocontainer added
per liter of water. FTIR analysis of samples was carried out (SHI-
MADZU 8400S) in the region of 4000-500 cm~'. The particle size
distribution and Zeta potential measurements were carried out by
Malvern Zetasizer Instrument (Malvern Instruments, Malvern,
UK).

Corrosion tests were conducted in acid, alkali, and salt solution
(5 wt.% each) by the dip test method without putting any scratch
on the panel. The thickness of the coating film on MS plate was
around 50 pm. Corrosion tests were conducted for different sam-
ples under salt and acidic medium for nearly 250 h and 175 h
respectively. The protective behavior of corrosion inhibitor against
the dissolution of MS was evaluated by calculating the corrosion
rate (V) in mm/year for each samples [24] by using the following
expression.

Ag
Vo= 2 (1)
where Ag is the weight loss in gram for each sample, A is the ex-
posed area of the sample in mm?, t is the time of exposure in years,
and d is the density of the metallic species in g/mm?>. The weight
loss was measured after carefully washing the samples with water
till the deposited corrosion products were removed, and finally,
moisture was removed from the samples by drying the same at
60 °C (+1) in an oven till constant weight is obtained.
Electrochemical corrosion analysis (Tafel plot (log|l| vs. E)) was
carried out in 5% NaCl solution as an electrolyte at room tempera-
ture (25 °C). All measurements were performed on computerized
electrochemical analyzer (Autolab Instruments, Netherlands).
Three different MS plates coated with neat alkyd resin, 2 and
4 wt.% CaZn,(PO4), nanocontainer dispersed in the same alkyd re-
sin were used as working electrode, while Pt and Ag/AgCl were
used as counter and reference electrodes respectively. The area of
about 1 cm? was used for sample testing. The electrochemical win-
dow was —1.0V to +1 V with 2 mV/s scanning rate. Electrochemi-
cal impedance spectroscopy (EIS) of neat alkyd resin, alkyd resin-
Ca(Zn),(PO,4), nanoparticles (prepared by ultrasound and conven-
tional method) and alkyd resin-nanocontainer coated mild steel
panel (130 mm x 100 mm x 1 mm) was carried out to assess the
corrosion phenomena and corrosion inhibition mechanism of the
coating based on nanocontainer in a 3.5 wt.% NaCl solution (at
25 °C). A three-electrode set-up was used to measure corrosion po-
tential of coating. A saturated calomel electrode was used as the
reference electrode. It was coupled capacitively to a Pt wire to re-
duce the phase shift at higher frequencies. Electrochemical imped-
ance tests were carried out by using Versa STAT 3 provided with
frequency response analyzer, with varying frequency in the range
from 1 Hz to 100 kHz to collect data recorded in terms of Bode plot.
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3. Results and discussions

3.1. Particle size and zeta potential analysis of CaZny(PO,4)»
nanocontainers

Zeta potential analysis (Electrophoretic measurements) indi-
cates the change in charge on the nanoparticles surface due to
the addition of each layer. The layer-by-layer (LbL) nanocontainer
assembly preparation procedure was monitored by measuring the
electrophoretic mobility ({-potential) in water after each layer
was added.. Fig. 2a shows the zeta ({) potential value after each
layer deposition in the LbL assembly of nanocontainer. The sur-
face charge of CaZn,(PO4), nanoparticles is about 32.8 mV.
Fig. 2a, shows a drastic decrease in the surface charge after depo-
sition of the first PANI layer (about - 61.9 mV). This drastic
change may be due to the presence of SDS which is adsorbed
on the CaZny(POy4), during in situ emulsion polymerization. This
negative value of zeta potential is higher even though PANI intro-
duces positive charge on the surface of the nanocontainer. Fur-
ther, deposition of positively charged benzotriazole (third layer)
layer on the surface of PANI encapsulated CaZny(PO4), is con-
firmed by an increase in zeta potential value to —52.4 mV. This
clearly indicates the adsorption of positively charged benzotria-
zole on the surface of PANI encapsulated CaZn,(PO4),. Adsorption
of positively charged polyacrylic acid (PAA) layer on benzotriazole
loaded PANI-CaZn,(PO,4), shows further increment in the zeta po-
tential value to —38.3 mV.

Fig. 2b depicts the increase in the size of nanocontainer in terms
of particle size with the loading of each layer in LbL assembly
determined by using particle size analyzer. The average particle
size of CaZn,(PO4), nanoparticles is found to be 53.7 nm (core
size). After adsorption of PANI layer on CaZny(PO,4), nanoparticles,
the average particle size is observed to increase to 134.5 nm. This
clearly indicates the adsorption of PANI on the surface of CaZny(-
PO,4), nanoparticles. The thickness of the PANI layer is estimated
to be 40.4 nm. Adsorption of benzotriazole layer on PANI-CaZn,(-
PO,4), leads to an increase in the average particle size further to
281.2 nm. The calculated thickness of the benzotriazole is around
73.35 nm. This is an indication of maximum adsorption of benzo-
triazole molecules on PANI coated CaZn,(PO,), particle assembly.
The chains of PAA embedded on benzotriazole layer gives rise to
the formation of final CaZn,(PO,4), nanocontainer with particle size
of 493 nm with an average thickness of PAA layer as 105.9 nm.
Layer by layer deposition of PANI, benzotriazole and PAA lead to
an increase in the average particle size and is attributed to the
complete formation of the CaZn,(PO4), nanocontainer assembly
as schematically reported in Fig. 1. The average particle size of
the complete layer by layer assembled CaZn,(PO,), nanocontainer
was found to be around 493 nm.

Further the particle size distribution of sonochemically and
conventionally synthesized calcium zinc phosphate nanoparticles
is reported in Fig. 3A. The range of the particle size of calcium zinc
phosphate nanoparticles found is 37-78 nm in case of sonochemi-
cal synthesis, whereas it is 220-396 nm in case of conventional
method and also the distribution in the presence of ultrasound
showed only one narrow peak. The average particle size of calcium
zinc phosphate particles observed is 53.7 nm in case of sonochem-
ical method whereas it is 302 nm for conventional method. The
particles were formed with a fairly narrow size distribution and
uniform shape could be observed in the case of sonochemical syn-
thesis. The significant reduction in the particle size of calcium zinc
phosphate nanoparticles is credited to the significantly improved
micromixing, enhanced solute transfer rate, rapid nucleation, and
formation of large number of nuclei due to physical effects of the
ultrasonic irradiation. The possible explanation for this reduction
in the particle size is also the fast kinetics of the ultrasound
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Fig. 2. (a) Electrophoretic mobility measurements and (b) growth in particle size of
nanocontainer in water during LbL assembly. Layer number 1: initial CaZny(PO4),,
2: CaZny(PO4),/PANI, 3: CaZn,(PO4),/PANI/benzotriozole, 4: CaZn,(PO4),/PANI/
benzotriozole/PAA.

assisted reaction, which does not give enough time for growth of
particle leading to reduction in the particle size. Also the particle
size distribution of nanocontainer after each layer deposition is de-
picted in Fig. 3B. After loading of PANI layer on CaZn,(PO,4), nano-
particles, the particle size is found to be in the range of 105-
220 nm with maximum particles in the range of 142-190 nm indi-
cating consistency in the size distribution of PANI loaded CaZnj,(-
PO,4), particles. The loading of benzotriazole layer on PANI loaded
CaZny(PO4), particles shows particle size range in between 220
and 396 nm (maximum particles are in the range of 300-
396 nm). This narrow size distribution clearly indicates uniform
adsorption of benzotriazole on PANI loaded CaZn,(PO,4), particles.
Finally adsorption of PAA layer on benzotriazole loaded PANI-
CaZny(P0O4), particles shows particle size distribution in the range
of 396 to 615 nm. The narrow particles size distribution is attrib-
uted to improved micromixing due intense implosion of cavities
generated by ultrasonic irradiation.

3.2. Morphological analysis of CaZn,(PO,), nanocontainers

Fig. 4 reports the TEM images of CaZn,(PO,4), nanoparticles and
CaZny(PO4), nanocontainers synthesized by ultrasound assisted
method. Particle size of one dimension of particle has been ob-
served to be around 45-53 nm (Fig. 4A). The obtained results are
consistent with particle size observed using the particle size distri-
bution analysis as discussed in the earlier sections. The particle size
distribution shows narrow distribution without significant
agglomeration, which can be easily explained on the basis of the
effects of ultrasonic irradiation. Further, the particle size is con-
trolled by smaller induction period and better control of the
growth rate of crystal because of the presence of cavitation during
chemical precipitation method [12].
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triozole/PAA particles prepared by ultrasound assisted method.

A transmission electron microscopy image of CaZny(POg),
nanocontainer containing CaZn,(PO,4), nanoparticles at core along
with polyelectrolyte material surrounding the CaZn,(PO4), nano-
particles is shown in Fig. 4B and Fig. 4C. The TEM images also
indicate the distinct formation of CaZny(PO4), nanocontainer
spheres. Further, the presence of bright intensity layered struc-
ture around the dark CaZn,(PO,), nanoparticles in TEM image
has confirmed the layer formation of PANI, benzotriazole and
PAA. The presence of benzotriazole and polyelectrolytes around
CaZny(P0O4), nanoparticles results in an increase in the average
particle size of CaZny(PO4), nanocontainer, to around 500 nm.
These results are consistent with the average particle size of
CaZny(P0O4), nanocontainer obtained from the particle size ana-
lyzer (as reported in Section 3.2). Change in the scattering of light
around each particles show that multilayer assembly (PANI/ben-
zotriozole/[PAA layers) is established on the CaZny(PO,)
nanoparticles.

Fig. 5 shows the AFM images of CaZn,(PO,4), nanocontainer pre-
pared by layer by layer deposition of PANI, Benzotriazole and PAA.
Fig. 5a reveals the topography of the nanocontainer showing the
presence of spherical particle like features with a diameter of about
500 nm [25]. The surface relief profiles are also reported in Fig. 5b
which has been obtained through AFM analysis. This profile shows
layered structure of CaZn,(PO4), nanocontainer. It has been con-
firmed from AFM image that formed CaZn,(PO4), nanocontainer
shows two layer structure; one organic layer (due to PANI, Benzo-

triazole and PAA) and second an inorganic core because of CaZn,-
(PO4), nanoparticles [25].

3.3. FTIR analysis of CaZny(PO,), nanocontainers

Fig. 6 depicts the FTIR spectrum of calcium zinc phosphate
nanocontainer at different steps during synthesis of the nanocon-
tainer. Fig. 6A presents the FTIR spectrum of calcium zinc phos-
phate used as a core during synthesis of nanocontainer. The
prominent peak at 570-611 and 1051 cm™! is assigned to the
vibration modes of PO,  (amorphous calcium zinc phosphate)
[26-28]. A small peak at 1222 cm™! originated from symmetric
stretching of PO}~ red-shifted from the reference peak. In the next
step in the synthesis approach, ultrasound assisted synthesized
calcium zinc phosphate is modified with myristic acid (MA) and
the FTIR spectrum of the MA modified calcium zinc phosphate is
depicted in Fig. 6B. In addition to the peaks of calcium zinc phos-
phates, the characteristic peaks at 2920 and 2848 cm™' shows
stretching vibration of the C—H which came from the —CHs and
—CH, groups in the myristic acid respectively. Further characteris-
tic peak at 1541 cm™! is attributed to bending of —OH. In the
Fig. 6C, characteristic peak at 1149 cm™! are due to the (C—N)
stretching mode of the amine group of PANI. The characteristic
peak at 1498 cm™! represents C=C stretching mode of the quinoid
rings and C=C stretching of benzenoid rings respectively [29]. The
characteristic peak at 1560 cm™' corresponds to the secondary
=N—H bending. The presence of characteristic peaks of polyaniline
confirms the formation of polyaniline on the surface of calcium
zinc phosphate nanoparticles. The FTIR spectrum after loading of
benzotriazole on PANI loaded MA modified calcium zinc phosphate
is reported in Fig. 6D. The characteristic peaks at 1251, 1188, 1157
and 759 cm™~! indicates the formation of the benzotriazole layer of
PANI coated calcium zinc phosphate. The bands close to 759 cm™!
are typical of the benzene ring vibration and the band near to
1467 cm™! is characteristic of the aromatic and the triazole ring
stretching vibrations [30]. Finally, Fig. 6E shows the FTIR spectrum
of the calcium zinc phosphate nanocontainer after PAA layer
adsorption. The characteristic bands at 1718 cm™! are for the
PAA carbonyl C=0 stretching [31].

3.4. XRD analysis of CaZn,(PO4), nanocontainers

Fig. 7 shows the X ray diffraction patterns of the calcium zinc
phosphate nanoparticles and its nanocontainer. As shown in
Fig. 7A, the formation of crystalline CaZny(PO,4), was confirmed
by X Ray diffraction analysis. The X-ray diffraction pattern of the
product has been matched with CaZn,(PO,4),-2H,0 in JCPDS file
(Card No. 35-0495). Diffraction peaks at 25.9°, 29.4°, 31.8°, 34.4°,
36.4°, 47.6°, 56.6°, 62.9° and 68° correspond to pure calcium zinc
phosphate without the presence of the reactants and calcium zin-
cate media (Ca[Zn(OH)3],-2H,0). As no peaks of impurity have ap-
peared in X-ray diffraction, the formation of pure calcium zinc
phosphate nanoparticles can be confirmed. The crystallite size is
calculated based on the major peak which is observed at 36.4° (2
Theta angle). The calculated crystallite size of calcium zinc phos-
phate nanoparticles using Scherrer’s formula is about 10 nm. Sim-
ilar results have been reported by the Ding and Wang [10]. Fig. 7B
shows the XRD of calcium zinc phosphate nanocontainer, in which
no characteristic peak of calcium zinc phosphate is being observed
indicating that the calcium zinc phosphate nanoparticles are com-
pletely covered by corrosion inhibitor and polyelectrolyte layers.
The change in the intensity value also indicates the complete cov-
erage of calcium zinc phosphate nanoparticles by the long chain
organic molecules. It is also predicted that due to deposition of
polyelectrolyte and benzotriazole layers on calcium zinc phos-
phate, the structure and phase of calcium zinc phosphate has not
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500 nm

Fig. 4. TEM Image of (A) CaZn,(PO,), nanoparticles, (B and C) CaZn,(PO4), nanocontainer.

been detected. Further flattening and broadening of X-ray diffrac-
tion patterns of calcium zinc phosphate nanoparticles with the
loading of organic layers are due the change in the crystallinity
of calcium zinc phosphate nanoparticles present at the core indi-
cating that calcium zinc phosphate nanoparticles are no longer in
crystalline phase.

3.5. Release study of corrosion inhibitor

In order to investigate the responsive release of benzotriozole
from nanocontainer assembly and sensitivity of nanocontainers
to different ionic strength, a series of release experiments were
carried out in aqueous solutions of different pH. The pH was ad-
justed by adding either dilute acid (HCl) or alkali solution (NaOH).
Objective of the investigation was to validate the mechanism of
responsive release and also to find the optimum pH conditions at
which the release reaches a maximum value. Fig. 8 depicts the re-
lease concentration of corrosion inhibitor, benzotriazole, per unit
mass of calcium zinc phosphate nanocontainer at different pH. It
has been observed that, initially the extent of release increases rap-
idly and after a certain time the concentration is mostly constant. It
has been reported that the benzotriazole acts as an inhibitor for
ferrous metals under acidic conditions [32-34] and neutral condi-
tions [35,36]. In acidic conditions, the inhibition of ferrous metal is
due to the adsorption of benzotriazole in its molecular or proton-
ated form along with the formation of compact passive layer
[34]. Further, it has been found that benzotriazole gives better cor-
rosion inhibition in acidic medium. With this objective the release
performance of the benzotriazole containing nanocontainers have
been studied in aqueous media of pH 3, 5, 7 and 9, which was ad-

justed using buffer solutions. It is found that the release is reduced
with an increase in the pH value. The amount of released corrosion
inhibitor (benzotriazole) is more in acidic pH compared to neutral
and alkaline pH. The higher release in the acidic medium results
into quick formation of compact passive layer by the chemisorp-
tion of benzotriazole in its molecular or protonated form leading
to an improvement in the inhibition of ferrous metal compared
to neutral as well as alkali medium. The maximum release concen-
tration of benzotriazole at the end of 4h is 0.393 mgL~'/g of
CaZn,(P0Oy4), nanocontainer, which is found in the case of solution
having a pH of 3. Further the release concentration is found to be
0.372, 0.354 and 0.34 mgL™!/g of CaZn,(PO,), nanocontainer at
5, 7 and 9 pH value respectively. More the release of corrosion
inhibitor better will be the protection of ferrous metal with quick
formation of compact passive layer by the chemisorption of benzo-
triazole. More release of benzotriazole takes place in acidic med-
ium and it decreases with an increase in the pH value, indicating
that the corrosion protection for ferrous metal is more in the acidic
medium and decreases with an increase in the pH value.

3.6. Corrosion rate analysis of CaZn,(PO4), nanocontainer/alkyd
coatings

Corrosion of ferrous metals is known to be pH dependent. The
attack of acid or alkali leads to the hydrolytic degradation of poly-
mer material or chain scission and chemical reactions and this may
facilitate the attack of oxygen and moisture through the film. The
chemical change leads to a reduction in the compactness of the
film, which results into an increase in the corrosion rate. Further,
the strong corrosion resistance requires strong adhesion character-
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Fig. 5. Determination of the shell thickness of CaZn,(PO4), nanocontainer with
AFM: (a) top view; (b) surface relief profile of (a).
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Fig. 6. FTIR spectra of: (A) CaZny(PO4),, (B) MA functionalized CaZny(PO,),, (C)
CaZny(P0O4), loaded with PANI, (D) CaZn,(PO4), loaded with PANI and benzotriazole
and (E) CaZn,(PO4), loaded with PANI, benzotriazole and PAA (polyacrylic acid).

istics and hence the weight loss method can be used for the eval-
uation of corrosion resistance. The layer by layer synthesized
CaZn,(PO4), nanocontainer were incorporated in alkyd resin and
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Fig. 7. XRD pattern of: (A) CaZn,(PO,4), and (B) CaZn,(PO,4), loaded with polyelec-
trolytes and inhibitor.
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Fig. 8. Release of benzotriazole from CaZn,(PO,4), nanocontainers at different pH
values.
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Fig. 9. Effect of loading of CaZn,(PO,4), nanocontainer on the corrosion rate after
loading into the Alkyd resin.

were coated on mild steel (MS) panels for dip test analysis. MS
panels were dipped in 5% HCl, NaCl and NaOH solutions for a per-
iod of 250 h. The corrosion rate was determined by gravimetric
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Fig. 10. Physical observations of CaZn,(PO4), nanocontainer/alkyd resin coatings applied on MS panel at: (A) 0 %, (B) 2 %, and (C) 4 % loading of CaZn,(PO4), nanocontainer in

alkyd resin in acidic environment (HCI solution).

A - Pure Alkyd Resin

B - 2 % Ca(Zn),(PO,), Nanocontainer
C -4 % Ca(Zn),(PO,), Nanocontainer
D -2 % Ca(Zn),(PO,), Nanoparticles
E - Bare MS Panel

Log ICurrent Density(A cm?)
&

B

T T T T 1
-700 -600 -500 -400
Potential (mV vs. Ag/AgCl)

Fig. 11. Tafel plots of mild steel samples coated with different composite material
in 5 wt.% NaCl solution.

analysis [24]. The corrosion rate as a function of percent loading of
CaZn,(POy4), nanocontainer has been given in the Fig. 9. The corro-
sion rate at 0% loading of CaZn,(PO,4), nanocontainer is found to be
2.2, 2.4 and 3.4 mmy/y in case of 5% HCIl, NaCl and NaOH solution
respectively. Further, it has been observed that the corrosion rate
(mmy/y) is more in the case of alkali environment, which is attrib-
uted to insufficient passivation resulting from the lower release of
benzotriazole (corrosion inhibitor) in alkali environment. Also, the
anticorrosion performance increased with an increase in the load-
ing of CaZn,(PO4); nanocontainer. From Fig. 9, it has been observed
that the corrosion rate is reduced with an increase in the CaZn,
(PO4), nanocontainer loading in all the cases i.e. 5% HCIl, NaCl
and NaOH solution. With an increase in the percent loading of
CaZny(P0O4), nanocontainer from 0% to 4%, the corrosion rate is
found to reduce from 2.2 to 0.15, 2.4 to 0.25 and 3.4 to 0.67 mm/

y respectively in 5% HCI, NaCl and NaOH solutions. This may be
due to the sufficient passivation resulting from the enhanced re-
lease of benzotriazole (corrosion inhibitor), sacrificial nature of
zinc and compactness of the coating film due to the presence of en-
hanced calcium. The corrosion rate is found to be significantly less
in the case of acid environment (HCI solution) compared to alkali
(NaOH solution) indicating that the ferrous metal is not exposed
to HCI attack due to better passivation of the substrate (release
of enhanced quantum of corrosion inhibitor, benzotriazole). This
improved passivation results into a reduction in the corrosion rate
in the acidic environment. It is also important to note that the al-
kyd resin and PAA (outer layer of the nanocontainer) selected dur-
ing the synthesis of nanocontainer and subsequently in the
coatings are acidic in nature, which helps in increase in the corro-
sion inhibition. It is well known that the reaction rate between acid
and alkali is significant, which leads to a maximum corrosion rate
of the coating in the presence of NaOH solution.

The visual observation of the MS panels such as growth of
cracks that leads to a fracture, color! change and removal of coating
at different loading of CaZn,(PO4), nanocontainer in alkyd resin in
acidic environment has been shown in Fig. 10. At 0 % loading of
CaZn,(PO4), nanocontainer, complete removal of the coating film
has been observed. This indicates that the corrosion rate and infiltra-
tion of corrosion ion are significant in absence of nanocontainer,
which results into the removal of the epoxy coatings. At 2% loading
of the CaZn,(PO4), nanocontainer in alkyd resin, an improvement in
the corrosion resistance has been observed, however some blisters
are still observed. Finally, at 4% loading of CaZn,(PO,4), nanocontain-
er in the alkyd resin, no change in the visual observation of the ap-
plied coating is observed even in the 5% HCI solution. This clearly
confirms the improvement in the corrosion resistance with an in-

! For interpretation of color in Fig. 10, the reader is referred to the web version of
this article.
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crease in the percent loading of CaZn,(PO,4), nanocontainer in alkyd
resin.

3.7. Electrochemical characterization of CaZn,(PO,4), nanocontainer/
alkyd coatings

Fig. 11 shows the Tafel plot generated for different samples im-
mersed in 5 wt.% aqueous NaCl solutions (Bare MS panel, neat al-
kyd resin sample, the samples coated with 2 and 4 wt.% of
CaZn,(P0Oy4), nanocontainer and the sample coated with 2 wt.% of
CaZny(P0O4), nanoparticles dispersed in alkyd resin coated on MS
panel). In corrosion process for any redox system, cathodic and
anodic reactions occur simultaneously. The Tafel plot (E as a func-
tion of log(|l|), where I represents the total measured current den-
sity = I. +I;) can isolate these two processes. Using the standard
analysis method, the linear portions of curves are fitted, yielding
the theoretical anodic and cathodic currents. The coordinates of
the intersection of these fits are the corrosion current density, Icoq
and corrosion potential, E,r. These I, and Eop values were calcu-
lated from the intersection of coordinates of the Tafel plot. It is
found that the electrochemical current density for bare MS panel
is 0.18 A/cm? and E,,, value is —0.618 V. It is found that electro-
chemical current density was decreased from 0.061 (for neat alkyd
resin) to 0.023 A/cm?, when 2 wt% CaZn,(P0O,), nanocontainers are
incorporated in neat alkyd resin coatings. The current density fur-
ther decreased to 0.012 A/cm? when loading of CaZn,(PO,), nano-
containers is increased to 4 wt.%. E.,,+ values are found to be shifted
to positive side from —0.57 to —0.46 V with the addition of 4 wt.%
of CaZn,(PO4), nanocontainers in alkyd resin. In addition to this
Tafel plot of 2% CaZn,(PO4), nanoparticles loading in alkyd resin
is also tested. However the performance of CaZn,(PO,4), nanoparti-
cles alone in the alkyd resin is poorer (Icor = 0.03 A/cm? and Eory = -
—0.575 V). Overall, the results of release rate, corrosion rate, and
Tafel plot (polarization curve) indicates that the addition by
4 wt.% CaZn,(PO,4), nanocontainer in alkyd resin shows a signifi-
cant enhancement in the anticorrosive properties as compared to
the neat alkyd resin. Further EIS Bode plots (Log Impedance vs.
Log Frequency) of mild steel coated samples with neat alkyd resin,
coatings prepared by the dispersion of Ca(Zn),(PO4), nanoparticles
prepared by ultrasound assisted and conventional method and
Ca(Zn),(PO4), nanocontainers in alkyd resin are depicted in
Fig. 12. Increased impendence value with an incorporation of
Ca(Zn),(P0O4), nanocontainers in alkyd resin coatings compared
to clear alkyd resin coating clearly indicates the improvement in
the anticorrosion performance of the coatings. This is due to the
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® B - 5% Ca(Zn),(PO), Nanoparticles (Conventional)
u C - 5% Ca(Zn)(PO,), Nanoparticles (Ultrasound)
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Fig. 12. Bode plots for the mild steel sample coated with (A) neat alkyd resin, (B)
alkyd resin - Ca(Zn),(PO4), (ultrasound) coating, (C) alkyd resin - Ca(Zn),(PO4),
(conventional) coating, (D) alkyd resin - Ca(Zn),(PO4), nanocontainer coating, at
the initial stage of immersion in 3.5% NaCl solution.
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Fig. 13. Scheme of the controllable release of the inhibitor from the
nanocontainers.

presence of corrosion inhibitor, which gives better resistance to
corrosion process by forming and adsorbing the corrosion inhibitor
i.e. benzotriazole complex on metal surface. Also particle size of
Ca(Zn),(P0O4), has significant effect on anticorrosion performance.
A comparison of anticorrosion performance of Ca(Zn),(PO4), nano-
particles prepared with ultrasound assisted method dispersed in
alkyd resin shows enhancement in the corrosion inhibition proper-
ties. This is attributed to decreased particle size due to ultrasonic
irradiations which shows improvement in the corrosion inhibition
performance compared to Ca(Zn),(PO4), nanoparticles (prepared
by conventional method.

3.8. Release mechanism of the inhibitor in the polymer

It has been reported that benzotriazole acts as an inhibitor for
ferrous substrate under acidic [32-34] and neutral conditions
[36,37]. Benzotriazole protects the surface of ferrous metal from
corrosion by chemisorption of benzotriazole at the surface forming
a compact passive layer [34,35]. Further, due to the tendency of
bond formation between the metal and the lone pair of electrons
in the additive, the inhibition action is significantly enhanced
[33]. The chemisorption of benzotriazole derivatives on the mild
steel surface can take place based on donor-acceptor interactions
between the p-electrons of the inhibitor and the vacant d-orbital
of iron surface atoms [36]. The corrosion protection and release
mechanism of benzotriazole has been shown schematically in
Fig. 13. The grey part in the Fig. 13 is the weak section of the coat-
ings where attack of corrosion species is significant, where the re-
lease of benzotriazole takes place in the presence of corrosion
medium (pH 3, 5, 7 and 9). As discussed earlier, benzotriazole gives
better corrosion inhibition in acidic and neutral medium and hence
the release of benzotriazole has been tested under conditions of pH
3, 5, 7 and 9. The higher release of benzotriazole takes place at
acidic pH value. The adsorption of benzotriazole molecule on the
metal surface leads to a formation of the passive layer on the metal
surface, which avoids the formation of corrosion cell; this in turn
results into an enhancement in the corrosion resistance. The
formed passive layer on MS panel inhibits the attack of corrosion
species, which results in the improvement in the anticorrosion per-
formance of CaZn,(PO,4), nanocontainer/alkyd coating.

4. Conclusions

The present study has successfully established a new approach
for synthesis of CaZny(PO4), nanoparticles by ultrasound assisted
chemical co-precipitation method and has also established that
presence of ultrasonic irradiations can accelerate nucleation rate
and result in good particle size distribution. The agglomeration of
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CaZny(PO4), nanoparticles is substantially reduced due to ultra-
sonic irradiation resulting into nanometer sized calcium zinc phos-
phate nanoparticles with uniform distribution. Further, the present
work confirmed the layer by layer assembly of CaZn,(PO,4), nano-
containers and the release mechanism of corrosion inhibitor. TEM
and AFM study confirms the successful formation of CaZn,(PO,);
nanocontainer as a layer by layer system. Zeta potential and parti-
cle size analysis also shows the formation of layers and shows
appropriate change in the surface charge, which could be responsi-
ble for the release mechanism initiated by the change in pH. Re-
lease study and corrosion results from Tafel plot and corrosion
rate analysis showed significant improvement in the anticorrosion
properties of coatings due to the optimum loading of the CaZny(-
PO,4), nanocontainers.
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