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a b  s  t  r a  c t

In  the  present  work, a  novel approach for  the  synthesis  of nanocontainers  by  encapsulation  has  been  pre-

sented,  which  are  capable of responsive release of  corrosion  inhibitors  (benzotriazole).  Nanocontainers

have  been  prepared  using  layer-by-layer  (LbL) assembly of oppositely charged  species  of polyelectrolytes

and  inhibitor  on the  surface  of ZnO. Synthesis  of nanostructured zinc oxide  was carried out initially

using the  sonochemical  precipitation  approach.  The thickness  of the  layer,  surface charge  and functional

groups  present on  each  layer were  identified using particle  size  distribution (PSD),  zeta  potential  and

FTIR analysis,  respectively. The average initial size  of the  core ZnO  was in  nanosize  range  as  observed in

the  TEM image.  XRD  analysis  shows  that  ZnO  contains  wurtzite  as  a major phase.  The release  proper-

ties of polyelectrolyte modified  ZnO  nanocontainer  have been investigated  and the  observed  release

rate  characteristics  show that  these  nanocontainers would  be  useful in the  multifunctional  coating

formulations. Responsive  release of inhibitor was quantitatively  evaluated  in  water  at  different pH.

Performance  of nanocontainers was studied  in corrosive  environment by  incorporating  the  nanocon-

tainers  in  alkyd resin.  Results  of UV-spectroscopy  at different pH, corrosion  rate  analysis  and TAFEL

plots  of nanocontainers  coatings  on  mild  steel  (MS) panel  have  been  presented. It  has been  found

that  electrochemical  current  density decreased  from  0.00355  to 0.0008  A/cm2, when  neat alkyd  resin

combined  with  5%  nanocontainers  has  been  used  in the  coating.  Corrosion  results from Tafel plot  and

corrosion  rate  analysis  shows  that the  5  wt%  loading of nanocontainers  is  useful  and optimum  for  the

sustained  release of inhibitor for  the  applications  in the  marine  coatings  irrespective  of the operating

pH.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Corrosion is one of important technological problem faced by all

the industries such as manufacturing, chemical and petrochemical

industries. Three possible approaches are being used to protect the

metal surfaces from corrosion i.e. by  cathodic protection, anodic

protection (passivation technique) and barrier mechanism [1,2].

Dense barrier coatings show low permeability to the corrosive

chemicals and hence barrier coatings are generally used for cor-

rosion protection [3].  Corrosion inhibitor additives can be easily

incorporated into paint formulation, which can generate additional

protective layer on the surface. In the case of active corrosion pro-
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tection (ACP) system, anticorrosion agents especially liquids are

being introduced into the coatings [4].  However, direct addition

of these liquid inhibitors affects the performance of these doped

coatings [5].

Encapsulation of active materials loaded on core or in  the hollow

lumen of microcapsule/nanocontainer is  one of the important con-

cepts, which offers additional advantage of selective release of the

active ingredients on demand [6–13]. These polyelectrolyte con-

tainers are being used in  number of applications such as biomedical

[14], drug delivery [15],  catalyst [16], textile, etc. to deliver ingredi-

ents in a  sustained manner. Encapsulation process and preparation

of nanocontainers and its application in corrosion inhibition has

been investigated by number of researchers [7,8,10–13,17–22].  The

most important advantage of the use of nano/micro reservoir sys-

tems lies in responsive and sustainable release of inhibitor. Some

of the liquid inhibitors, which cannot be used directly in the coat-

ings formulation as these inhibitors react with the coating, can be

effectively stored in micro or nano-container using encapsulation.
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Different trigger mechanism can be initiated for the responsive

release of these inhibitors which may  depend on pH, temperature,

mechanical stimulation or  their combinations. The use of nanocon-

tainer has some disadvantages such as (1) containers should be

dispersible with coating vehicle and remain intact on capsules, (2)

containers should be compatible with coating formulation, (3) load-

ing of containers should not  affect the other application properties

of coatings, (4) release kinetics should be fast in case of healing

mechanism, while it should be sustainable in the case of respon-

sive release and (5) added container quantity should be  minimal

so  that it should not  affect pigment volume concentration (PVC

ratio).

There are number of ways of introducing containers for anti-

corrosion activity. Layer by layer (LbL) assembly of polyelectrolyte

has been reported by Shchukins et al. [20].  In LbL approach, films

containing one or several polyelectrolyte monolayers can be  assem-

bled on the surface of a  template (e.g., polyelectrolyte capsules),

which possess controlled permeability properties. A nano struc-

tured multifunctional shell can be  prepared using LbL  assembly of

oppositely charged species (polyelectrolytes and nanoparticles) on

the surface of  the precursor. These smart nanocontainers release

the inhibitor on demand. In the work of Shchukin et al. [20],  inor-

ganic halloysite of diameter of 25 nm has been used to encapsulate

the inhibitor. These tubes are having a  layer of positive and neg-

ative charges on outside and inside surface (at  pH 8) of lumen

respectively, which helps in protecting the inhibitor and releas-

ing the same to  outside environment when required. Shchukin

et al. [22] used halloysite nanotubes with inner voids loaded with

inhibitor. The outer surface was covered with layer-by-layer poly-

electrolyte multilayer using hybrid sol–gel synthesis. Core and shell

morphology using emulsion method has also been reported [22,23].

LBL halloysite nanocontainer is  probably the best approach to  use

for long term and sustained release applications [22].  Inorganic

core based nano containers could be spherical in shape with a

typical diameter in the range of 50–200 �m.  In  the case of layer

by layer assembly of inorganic core, functionalized silica/polymer

may  be used and inhibitor is loaded in the layered assembly of

polyelectrolytes [4,11,20,23].  Shchukin et al. [20,23] formulated a

benzotriazole-loaded polyelectrolyte capsule. Layers of Polyelec-

trolytes were formed on the surface of the negatively charged

SiO2 nanoparticles. Ultrasound assisted electrochemical method

has been used to synthesize hollow sphere of conducting polymer

such as polypyrrole in which inhibitor can be loaded [19].  Abu and

Aoki [24] and Shchukin et al. [25] have used electrochemical depo-

sition method for the preparation polyaniline-coated polystyrene

latex of 1.85 �m size. These latex particles were used for the corro-

sion protection of the iron plate in 3%, w/v NaCl aqueous solution.

Cavitation bubble as a  template was used for the fabrication of

nanocontainers, on which an organic or inorganic shell is  formed

from precursors, during the sonication of the reaction mixture [23].

Tomalino and Bianchini [26] have prepared container-based active

coatings, which were directly fabricated on a metal surface of heat-

expandable spheres for car metallic protection based on ethyl vinyl

acetate derivatives, diatomaceous earth and zeolite, and hollow

silica microparticles.

The use of the conductive polymers as building blocks for micro

and nanocontainers with the shell sensitive to  the electrochemi-

cal potential has also been reported [27].  In  the case of self healing

coating, when there is scratch or a crack on the coatings, inhibitor

release takes place based on the response to change in pH or

intensity of light. This serves to  protect the metal structure at

the defect site by  self healing mechanism or by  neutralizing the

ions [6,8,12,13,17–20,28–30].  In earlier reports, Borisova et al. [4]

described mesoporous silica as an inorganic core, but in fact anti-

corrosive properties introduced by silica is not similar to corrosion

inhibitor pigment property as introduced by ZnO. Zinc oxide is

expected to form a passive layer in contact with water and oxy-

gen, which can inhibit the flow of electrons from anode to cathode

[31,32] and hence the metal surface is protected. The other oxides

such as antimony oxide, titanium dioxide, iron oxide etc.  do not

form such passive layer as efficiently as ZnO. There have been some

earlier reports depicting the use of semiconductor oxide particles

such as ZnO in the coatings to enhance anticorrosion performance

through passivation mechanism [31]. Zinc oxide has been con-

firmed to exhibit anticorrosion capacity by accepting electrons

from the metal [32].  Also ZnO offers other advantages such as

low cost and environmental friendly nature as compared to  the

chromate based pigments. With this background, ZnO has been

selected as an inorganic core to  prevent the corrosion reactions

at the metal-coating interface, whereas polyaniline and PAA have

been used in  the container assembly so that even if the formed

coatings are removed these anticorrosive materials still remain

effective.

The approach based on the use of ZnO for nanocontainer has

not  been reported in the literature. In order to take the dual

advantage of the anticorrosive pigment and inhibitor loaded onto

a single shell, ZnO was used as a  core of the container, which

works as an anodic-type inhibitor as well as a  good nano-filler,

which significantly inhibits the corrosion of the bare steel as

an anodic protector. Further, in  case the electrolyte shell con-

taining inhibitor becomes inactive, ZnO core will still remain

active against the corrosive species. An attempt has been made

to demonstrate the possibility to employ ZnO particles coated

with polyaniline/benzotriazole/polyacrylic acid layers as a  prospec-

tive nanocontainer embedded in  alkyd resin coating. The inhibitor

(benzotriazole) is  entrapped between the two  polyelectrolytes

(polyaniline and PAA) layers. In the present work, polyaniline

(PANI) has been used as a  polyelectrolyte. It has been reported that

PANI also has inhibiting effect due to the formation of  a compact

iron/dopant complex layer at the metal-coating interface, which

acts as a  passive protective layer having a  redox capability to

undergo a  continuous charge transfer reaction at the metal-coating

interface, in which PANI is reduced from emeraldine salt form (ES)

to an emeraldine base (EB) [33].  The resulting hybrid film has a

pronounced protective efficiency for the corrosion inhibition. The

release properties of inhibitor have  been investigated using UV

spectroscopy in  aqueous media at different pH for the low molec-

ular weight benzotriazole. Uniform release and long term active

corrosion protection of MS  has been confirmed with the actual

example of benzotriazole loaded ZnO nanocontainers dispersed

into alkyd resin.

2. Experimental

2.1. Materials

Analytical grade chemicals such as zinc nitrate (Zn(NO3)2),

sodium hydroxide, benzotriazole, HCl, NaOH, NaCl and ethanol

have been procured from Sigma Aldrich and used as received

from the supplier. Polyacrylic acid (PAA, Mw = 50 000 g mol−1)

was  also procured from Sigma-Aldrich. The monomer aniline

(analytical grade, M/s  Fluka) was  distilled two times prior

to  use. Ammonium persulphate (APS, (NH4)2S2O8) as a  poly-

merization initiator and surfactant, Sodium Dodecyl Sulfate

(SDS, NaC12H25SO4) were procured from S. D. Fine Chem.,

Mumbai and were used without further purification. Long

Oil Soya Alkyd resin (Industrial grade) was procured from

M/s Mahuli Paints, Pune, India. Demineralized water prepared

using Millipore apparatus was used during all the experimental

runs.
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Fig. 1.  Schematic illustration of the procedure for benzotriazole loading on ZnO nanoparticulate containers.

2.2. Preparation of ZnO nanocontainers

Sonochemical synthesis of zinc oxide nanoparticles has been

performed initially as per the detailed procedure described in our

earlier work [30].  Using these nanoparticles, ZnO nanocontainers

have been synthesized using a  multi-step approach as outlined

below:

(1) Formation of polyaniline (PANI) layer on ZnO core using in  situ

emulsion polymerization: in  the layer-by-layer assembly of

ZnO nanocontainer, ZnO was used as a  core based on the

anticorrosion properties. Initially ZnO nanoparticles have been

functionalized using SDS surfactant so that a  negative charge

is obtained on the surface of ZnO. Ultrasound assisted in  situ

miniemulsion polymerization has been then used for the depo-

sition of PANI layer on the ZnO core [31,32] with an objective

of obtaining complete coverage of ZnO surface by PANI. Ini-

tially, surfactant solution was prepared with an addition of 0.3 g

sodium dodecyl sulfate (SDS) and 0.5 g ZnO nanoparticles in

50 mL  of water and taken in  a  reactor. The initiator solution was

prepared separately by  adding 0.7  g ammonium persulphate

(APS) in 10 mL  of deionized water and transferred to the same

reactor. In order to eliminate the inhibition effect of oxygen

on polymerization reaction, reaction mixture was purged with

argon gas initially for 20 minutes. Further, dropwise addition of

a total quantum of aniline as 5 g was achieved over a  period of

30 min. After this addition, the reaction mixture was  subjected

to ultrasonic irradiations (Hielscher Ultrasonics GmbH, 22 kHz

frequency and 240 W rated power) in  the reactor, which was

maintained at a  temperature of 4 ◦C throughout the reaction

time of 60 min. Resulting PANI coated ZnO nanoparticles were

separated by centrifugation at 4000 rpm for a period of 30 min

and washed with water followed by  acetone. Synthesized PANI

coated ZnO materials was incubated in 0.5  M NaCl solution

doped with 1 wt% polyvinyl pyrrolidone (PVP) in ethanol for

20 min  to prevent aggregation of the formed particles. Result-

ing PANI coated ZnO particles were washed with water and

separated by centrifugation after the incubation step.

(2) Loading of benzotriazole (anticorrosion agent) on PANI coated

ZnO: prepared PANI coated ZnO material was added into 0.1 N

NaCl solution prepared in 100 mL  water. The loading of benzo-

triazole shell (third layer) on PANI-ZnO particles was  achieved

using 10 mg  mL−1 of benzotriazole in  the acidic media (pH =  3)

for 20 min. Benzotriazole loaded PANI-ZnO nanoparticles were

separated by centrifugation.

(3) Deposition of polyelectrolyte layer (Polyacrylic acid) on ben-

zotriazole loaded PANI-ZnO nanoparticles: in order to increase

the compatibility of the nanocontainers in resin, the final poly-

acrylic acid polyelectrolyte layer was added after the loading of

benzotriazole on PANI layer. The adsorption of the negatively

charged polyacrylic acid was  achieved on benzotriazole loaded

PANI-ZnO nanoparticles using 2 mg  mL−1 polyacrylic acid solu-

tion in 0.5 M NaCl for a  period of 20 min. Finally, the resulting

nanocontainer was separated by centrifugation and then dried

in an oven at 60 ◦C for 48 h.

Thus, the layer-by-layer assembly of polyelectrolyte was pre-

pared and benzotriazole inhibitor was loaded in between the layers

of PANI and polyacrylic acid, whereas ZnO nanoparticles were used

as the core of the assembly. The formation mechanism of ZnO

nanocontainer has been reported in  Fig. 1.

2.3. Preparation of nanocontainer/alkyd coatings

Nanocontainer-alkyd coatings were prepared using pigment

muller and by dispersing 2.0, to 5.0 wt% of the synthesized nanocon-

tainers in  the alkyd resin. The prepared coating was thoroughly

mixed with acetone solution to ease the procedure of application

of coating by using bar coater on MS  panels having dimensions

70 mm  × 50 mm × 1 mm.

2.4. Characterization of nanocontainer and nanocontainer/alkyd

coatings

XRD diffraction patterns of ZnO and Nanocontainer were

recorded by using powder X-ray diffractometer (Philips PW 1800).

Transmission electron microscopy (TEM) of nanocontainer was

performed on Technai G20 working at 200 kV. Release of corro-

sion inhibitor benzotriazole at different pH was measured using

UV–vis spectrophotometer (SHIMADZU 160A model). A UV spec-

trophotometer has been used to determine the concentration of

benzotriazole in  water. Initially the calibration curve was  plotted

for different concentrations over the range 0.01 to  1 mg/L of  ben-

zotriazole. 0.2 g of nanocontainer per 20 mL  of water was  added

into the water for different pH conditions. The benzotriazole con-

centration was measured in water using the absorbance value. The

concentration of benzotriazole has been reported in  mg  of benzo-

triazole released per g of nanocontainer added per litre of  water.

FTIR analysis of samples were carried out (SHIMADZU 8400S)

in  the region of 4000–500 cm−1. The particle size distribution

and electrophoretic mobility measurements were carried out by

Malvern Zetasizer Instrument (Malvern Instruments, Malvern, UK).

The thickness of the coating film on MS plate was maintained

close to  50 �m.  Corrosion tests were conducted in acid, alkali, and

salt solution (HCl, NaOH, NaCl: 5 wt% each) by placing the MS

strips in porcelain dishes and coated samples were immersed in

test media till observable deterioration occurred. Each sample was

under media for nearly 200 h. The protective behavior of  corrosion
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inhibitor against the dissolution of MS  was evaluated by calculat-

ing the corrosion rate (Vc)  in cm/year for each sample [34] using

the expression

VC =
�g

Atd
(1)

where �g  is the weight loss in gram for each sample, A is  the

exposed area of the sample in cm2, t is  the time of exposure in years,

and d is the density of the metallic species in  g/cm3.  The weight loss

was measured after carefully washing the samples with water till

the deposited corrosion products were removed, and finally, mois-

ture was removed from the samples by  drying the same at 60 ◦C

(±1) in an oven till constant weight.

All electrochemical measurements have been performed on

computerized electrochemical analyzer (supplied by Autolab

Instruments, Netherlands). An MS  panel was used as the work-

ing electrode with a platinum sheet as the counter and a saturated

calomel electrode (SCE) as the reference electrode. The MS  panel

was cleaned initially and five different MS  plates were coated with

neat alkyd resin. 2–5% of nanocontainer dispersed in  the same alkyd

resin was used as working electrode and about 1 cm2 of area was

used for sample testing of the working eletrode. Polarization mea-

surements were taken after exposure to  the 0.5 M  NaCl solution.

The potential was scanned between −2  V to +2 V at a rate of 2 mV/s.

Electrochemical measurements were carried out at room temper-

ature (25 ◦C).

3. Results and discussions

Fig. 2a shows the Zeta (�)  potential of each layer of the LBL

assembly in water. Initially ZnO nanoparticles were coated with

the SDS. Electrophoretic measurements indicate that initially on

the ZnO particles, charges were near to the value of ≈−3.37 mV.

Further addition of the PANI layer shows the slight increase in  the

negative value of Zeta potential (≈−3.73 mV). Though PANI intro-

duces positive charges on the surface, due to the presence of SDS

during polymerization, additional layers do  not show an increase

in the value of zeta potential. During miniemulsion polymerization,

monomer aniline enters the micelle and occupies the space near to

the  head group of the adsorbed SDS rather than the hydrophobic tail

region [35]. This phenomena leads to a reduction in  the head group

packing for SDS, which also leads to a  reduction in  SDS adsorption

resulting into reduction in  the layer thickness and zeta potential.

The phenyl moiety resides within the hydrophobic region and the

polar group remains between the SDS head groups as also recently

reported by Kim et al. [36]. Further, Salgaonkar and Jayaram [37]

have also reported the formation of polyaniline film in the pres-

ence of HCTAB surfactant. It  has been reported that the surfactant

adsorption strongly depends on the concentration of aniline and

an increase in the aniline concentration results in a  decrease in

the amount of surfactant adsorption on ZrO2 which in turn does

not show any change in  the zeta potential value [37].  Further, addi-

tion of benzotriazole show a drastic increase in zeta potential value

which is near to ≈−22 mV.  Addition of polyacrylic acid decreases

the zeta potential value near to  ≈−12.8 mV.

The value of zeta potential is a  strong indication of the adsorp-

tion of charged species and intra-particle interaction. In the present

work, the possibility of incomplete charging of the surface by PANI

has been avoided by the addition of benzotriazole, which is  also

confirmed by the fact that there is an increase in  the zeta poten-

tial after the addition of benzotriazole [38]. The increase in  the

value of zeta potential and hence enhanced charging of the sur-

face of layer by  liquid benzotriazole indicates the deep penetration

of benzotriazole into the PANI layer. As  shown in Fig. 2b, nanocon-

tainer show that the average particle size gradually increases. This

clearly indicates and confirms the layer by  layer building of the

Fig. 2.  (a)  Electrophoretic mobility measurements of nanocontainer in water during

LbL  assembly. Layer number0: initial ZnO, 1: ZnO/PANI, 2: ZnO/PANI/Benzotriozole,

3: ZnO/PANI/Benzotriozole/PAA. (b) Growth in particle size of nanocontainer during

LbL  assembly. Layer number 0: initial ZnO, 1: ZnO/PANI, 2: ZnO/PANI/Benzotriozole,

3: ZnO/PANI/Benzotriozole/PAA.

nanocontainer by following the procedure described in Section 2.2.

Malvarn particle size analyzer has been used for these measure-

ments. Initially, the particle size of the ZnO nanoparticle support

was  found to  be  around 349 nm.  After the formation of PANI layer

onto ZnO nanoparticles by the miniemulsion polymerization, it has

been observed that the particle size increased to an average value

of 404 nm.  Therefore, it can be said that the thickness of layer of

PANI show an average thickness of 28 nm (as  per analysis taken

from dynamic light scattering method). Addition of the benzotri-

azole molecular layer increases the thickness further by 119 nm.

Benzotriazole layer thickness is high, which clearly indicates that

a  large number of molecules were adsorbed on PANI coated ZnO

particles assembly as the benzotriazole is  a small molecule than

the PANI layer. Finally the chains of the PAA were embedded onto

the benzotriazole layers with an average thickness of 150 nm size.

Increase in the size with an increase in  layer thickness indicates the

complete formation of the nanocontainer assembly as schemati-

cally shown in Fig. 1. The average size  of the nanocontainer was

found to  be  about 950 nm as indicated by PSD analysis. The surface

characterization of the nanocontainer has been depicted in Fig. 3  in

the form of TEM images. The dark black spots in the image (Fig. 3)

indicate the presence of ZnO at the core and it is surrounded by the

layers of polyelectrolyte and corrosion inhibitor (benzotriazole). It

has also been confirmed that  due to  the presence of electrolyte and

the change in surface charge and energy, multiple particles agglom-

erate to make a  bigger particle with average size of  about 900 nm.

The change in the intensity of light around each particle shows that

PANI/benzotriozole/PAA layers were separately deposited on the
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Fig. 3. TEM Image of ZnO nanocontainer showing average size of container near to

900 nm.

ZnO nanoparticles. Preparation of layer by layer assembly of ZnO

nanocontainer and covering of organic layer on ZnO nanoparticle

has been confirmed from the PSD analysis and growth of particle

as represented in Fig. 2b. Increment in  the size of particles with

the number of deposited layers confirms the presence of organic

molecules around the ZnO core. Shchukin and Mohwald [23] have

reported a similar approach of analysis in terms of the coverage by

organic molecules and growth of particle size.

Fig. 4 depicts the FTIR spectrum of ZnO loaded with PANI (pat-

tern A), ZnO loaded with PANI and Benzotriazole (pattern B) and

ZnO loaded with PANI-Benzotriazole-Polyacrylic acid (pattern C).

Fig. 4 shows a layer of SDS formed on ZnO nanoparticles ini-

tially, which is shown by the peaks at 2646, 1896, 1743, 1298.4

and 1093.67 cm−1. Fig. 4 (pattern A) confirms the formation of

Polyaniline on the ZnO nanoparticles. The peaks at 3506, 3408 and

3342 cm−1 are the characteristic peaks of polyaniline, indicating

that polyaniline has been formed on the surface of ZnO nanopar-

ticles. The peaks at 3506.7 and 2995 cm−1 are due to the NH2

stretching and C H bonds, respectively. The spectra in Fig. 4 (pat-

tern B), is the one after loading of benzotriazole. The peaks at 1400,

1278, 1203, 1120.68 and 768 cm−1 show the benzotriazole layer

formation. The bands close to  786 cm−1 are typical of the benzene

ring vibrations and the band near  to 1400 cm−1 is characteristic

of the aromatic and the triazole ring stretching vibrations [39]. In

Fig. 4.  FTIR spectra of: (a)  ZnO loaded with PANI, (b) ZnO loaded with PANI and

benzotriazole, (c) ZnO loaded with PANI, benzotriazole and PAA (Polyacrylic acid).

Fig. 4 (pattern C), it is  observed that the peaks of the PANI (3408

and 3342 cm−1), as seen in Fig. 4 (pattern B), are not observed as

benzotriazole and PAA interfered with PANI chains.

Fig. 5A  depicts the XRD pattern of ZnO and ZnO loaded with

polyelectorlytes and Benzotriazole. The formation of ZnO encapsu-

lated nanocontainers has been depicted in  the figure and it can be

also observed that  during the preparation of nanocontainers, ZnO

phase remains the same. The XRD pattern of the ZnO (pattern a)

and ZnO loaded with PANI-Benzotriazole-Polyacrylic acid (pattern

b) shows that ZnO nano particles is  wurtize, hexagonal in struc-

ture. It is also indicated by well indexed XRD peaks corresponding

to  the planes (1 0 1), (1 0 0), (0 0 2)  and no other peaks of  impuri-

ties were observed [40].  Furthermore the diffraction peaks were

more intense and narrower, implying a  good crystalline nature of

ZnO powder. The crystallite size for ZnO calculated by using Scher-

rer’s formula comes out to  be 41.29 nm and for ZnO loaded with

polyelectrolytes and inhibitor the size is  45.56 nm.

Fig. 5(B) demonstrates the DTA diagram of zinc oxide and zinc

oxide nanocontainers. Two  endothermic peaks at 57 ◦C and 137 ◦C

of the ZnO nanoparticles are attributed to the removal of physically

adsorbed water. In the range from 50 to  130 ◦C, the water molecules

interacting with ZnO surface in  the form of hydroxyl group interac-

tion are released from the ZnO structure [41].  The exothermic peak

at 423 ◦C is  due to  the presence of zinc nitrate and sodium hydrox-

ide in  small quantity used to form ZnO. DTA of ZnO nanocontainers

shows small endothermic peaks at 135 ◦C, which is attributed to

the removal of water. Exothermic peaks at 300–450 ◦C shows mul-

tistage decomposition of PAA, PANI and Benzotriazole (inhibitor),

which is  supported by thermogravimetric analysis (Fig. 5C). A sharp

peak in the range between 300 to  450 ◦C  corresponds to  oxida-

tive degradation of PAA, PANI and benzotriazole [42] as reported

in Fig. 5C. Fig. 5C shows the decomposition of the ZnO nanocon-

tainer as indicated by a weight loss in the range of 35–450 ◦C. ZnO

and its nanocontainer show the difference in the decomposition

above 150 ◦C,  the hydroxyl molecules are being removed in case

of ZnO while electrolyte layers starts decomposing in the case of

nanocontainer. 70% of the materials show thermal stability above

350 ◦C temperature.

3.1. Release study of inhibitor from nanocontainer into aqueous

media

Benzotriazole acts as inhibitor for ferrous metals under acidic

conditions [43–45] as well as under neutral conditions [46,47].

In  acid solutions the inhibition of iron results from the adsorp-

tion of benzotriazole in its molecular or  protonated form with the

formation of compact passive layer [45,46].  Benzotriazole gives

better corrosion inhibition in acidic medium; therefore release

performance of the benzotriazole containing nanocontainers were

studied in aqueous media of 3,  5,  7 pH which was adjusted using

acidic buffer solutions. Objective of the investigation is to find

out the optimum pH conditions at which the release reaches to

a  maxima and to validate that these nanocontainers shows the

responsive release. Percent release of the corrosion inhibitor at

different pH was  measured using UV–vis spectrophotoscopy anal-

ysis. The release study was performed for about 8 h.  As shown in

Fig. 6, at  any operating pH, a stable release is observed after 7 h

(all pH values), which indicates that the prepared nanocontainer

shows proper encapsulation of the benzotriazole into the polyelec-

trolyte (PANI) layer. Maximum release at 8 h (0.86 mg  Benzotriazole

release mg L−1 g–1 of  ZnO nanocontainer) was  found in the case of

operating pH as 3, while only a  minimal release (0.10 mg L−1 g–1 of

ZnO nanocontainer) was observed at 11 pH (not shown) after 8 h.  At

neutral pH, the release was  0.36 mg L−1 g–1 of ZnO nanocontainer,

which is  intermediate between the acidic and alkaline conditions.
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Fig. 5. Comparison of neat ZnO particles and ZnO nanocontainers using XRD (A), DTA analysis (B) and TGA  analysis (C).
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Fig. 6. Release of benzotriazole from nanocontainers at  three different pH values.

3.2. Corrosion rate analysis of nanocontainer containing coatings

Corrosive environment accelerates under reduced pH (acidic

conditions) or increased pH (alkaline conditions). Acid or alkali may

attack the binder causing its degradation by  hydrolysis or other

chemical reactions. The degradation of polymer may  facilitate the

penetration of oxygen and moisture through the film and reduction

of adhesion of coating to  the substrate. It is  well known that the

strong corrosion resistance requires strong adhesion character and

hence the weight loss method is  an indirect method of evaluation of

corrosion resistance under actual conditions of application. There

are  two types of weight loss possible, one is  because of attack of

HCl and other because of the attack of NaOH. The NaOH attacks the

polymer resin materials, while HCl attacks the metal to  form ferrous

oxide. Weight loss due to the HCl is possible when the edges of panel

are open to outside environment. As shown in  the Fig. 7,  the major

weight loss is found because of attack of NaOH, but this weight

loss rate is found to be reduced with an increase in  the addition

of nanocontainer. Compared to NaOH, the weight loss due to  acid

is very low indicating that the metal is  not being exposed directly

due to HCl attack and the edges are not sealed, in  fact the corrosion

occurs only through the edges and hence is very small and the rest

of the surface is  adequately protected.

Fig. 7. Effect of loading of nanocontainer on the corrosion rate after loading into the

alkyd resin.

Fig. 8. Tafel plots of mild steel samples coated with different composite material in

5 wt% KCl solution.

Fig. 7 shows the corrosion rate per year at  different wt% load-

ing of ZnO nanocontainers in  alkyd resin. The synthesized ZnO

nanocontainers were incorporated in alkyd resin and were then

coated on MS  plates for salt solution analysis. MS  plates were then

dipped in  HCl, NaCl and NaOH solutions for a period of 168 h.  The

weight loss after corrosion was  determined by gravimetric analysis.

Corrosion rate for 0% loading of ZnO nanocontainer is 0.87 cm/yr,

0.76 cm/yr and 1.024 cm/yr in case of 5% HCl, NaCl and NaOH solu-

tion respectively. From Fig. 7,  which also show the effect of  %

loading of ZnO nanocontainer, it can be concluded that the corro-

sion rate was minimum for NaCl solution and maximum for NaOH

solution. The corrosion rate in NaOH solution is the maximum at

different % loading of ZnO nanocontainer because the alkyd resin

and PAA (outer layer of the nanocontainer) selected are acidic in

nature. Due to  this the reaction rate between acid and alkali is

significant, which leads to maximum corrosion rate of  the coat-

ing in NaOH solution. With an increase in the percentage loading

of ZnO nanocontainers from 2% to 5% as reported in Fig. 7,  the cor-

rosion resistance efficiency towards HCl, NaCl and NaOH solution

increases and minimum corrosion rate is  observed. Hence, it can be

concluded that the corrosion resistance reaches a  maximum value

(minimum corrosion rate) in  salt (NaCl) solution.

3.3. Comparative study of electrochemical characterization of

Nanocontainer containing alkyd coatings and neat alkyd coating

Although the corrosion current density (Icorr) cannot be mea-

sured directly, it can be estimated using a Tafel plot, as shown

in Fig. 8, for alkyd resin samples and the samples coated with 4

and 5 wt% composites of nanocontainer dispersed in alkyd resin, in

5 wt% aqueous KCl solutions. For these experiments, uncoated and

coated steel strips were used as the working electrodes. In corrosion

processes, as with any redox system, cathodic and anodic reac-

tions occur simultaneously. 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 processes. It has been found that electro-

chemical current density decreased from 0.00355 to  0.0008 A/cm2,

when neat alkyd resin combined with 5% nanocontainers has been

used in the coating (tested in KCl electrolyte solution). Additionally,

Ecorr value show a  shift in  positive side from −2.0 to  1.0 V by  the

addition of 5 wt% nanocontainer into alkyd coating. Overall results

indicate that nanocontainer shows a significant improvement in
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Fig. 9.  Release mechanism of corrosion inhibitor (benzotriazole) in the polymer.

anticorrosive properties which supports the earlier corrosion rate

data obtained by dip test method.

3.4. Release mechanism of the inhibitor in the polymer

Benzotriazole acts as a inhibitor for ferrous metals under acidic

conditions [43–45] as well as under neutral conditions [47,48].

Benzotriazole is  one of the corrosion inhibitors which protects the

metal surface from corrosion by  a  passivation phenomenon of alkyd

coating on the surface by chemisorption. In acidic solutions, the

inhibition of iron results from the adsorption of benzotriazole in its

molecular or protonated form resulting in the formation of com-

pact passive layer [45,46].  Further, the inhibitive action of organic

compounds containing S, N and O is  due to  the formation of a

dative covalent type bond between the metal and the lone pair

of electrons in the additive [45,46].  Due to this tendency of bond

formation, the scope of inhibition is improved with an increase in

the effective electron density of the functional group of the addi-

tive [44]. The chemisorption of benzotriazole derivatives on the MS

surface can take place on the basis of donor–acceptor interactions

between the p-electrons of the inhibitor and the vacant d-orbitals

of iron surface atoms [47]. The release mechanism of benzotriazole

has been depicted schematically in Fig. 9. The release of benzo-

triazole takes place in the presence of corrosion medium (pH 3,

5 and 7). As reported earlier, benzotriazole gives better corrosion

inhibition in acidic medium and hence the the release of benzo-

triazole has been tested under conditions of pH 3,  5 and 7.  The

formation of the chemisorption passive layer, consisting of a com-

plex between metal (in this case mild steel) and benzotriazole, takes

place on MS  surface when benzotriazole gets released from ZnO

nanocontainer in the polymer/alkyd coatings. The formed passive

layer on MS  panel inhibits the attack of corrosion species, which

results in the improvement in the anticorrosion performance of

ZnO nanocontainer/alkyd coating.

4. Conclusions

The present work has successfully demonstrated the method

of formation of nanocontainers using LBL assembly as well as the

release mechanism of corrosion inhibitor. LBL assembly has been

successfully prepared using ZnO as a  core and PANI, polyacrylic acid

polyelectrolyte as shell trapping benzotriazole between the layers.

Benzotriazole has been encapsulated into the prepared nanocon-

tainer assembly. The prepared nanocontainers are consistent in

release of liquid anticorrosion agent over 8 h, though release study

was  carried out only in aqueous media at different pH. Zeta poten-

tial and particle size relationship shows that the layer by layer

assembly is  well encapsulated and shows appropriate change in the

surface charge which could be responsible for the release mecha-

nism when initiated by the change in pH. Corrosion results from

Tafel plot and corrosion rate analysis shows that the 5 wt% loading

of nanocontainers is useful and optimum for the sustained release

of inhibitor for different applications irrespective of the operating

pH.
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