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a b s t r a c t

Epoxy resin modified with nano scale fillers offers excellent combination of properties such as enhanced
dimensional stability, mechanical and electrical properties, which make them ideally suitable for a wide
range of applications. However, the studies about functionalized nano-hybrid for coating applications
still require better insight. In the present work we have developed silane treated nanoparticles and to
reinforce it with diglycidyl epoxy resin to fabricate surface functionalized nano-hybrid epoxy coatings.
The effect of inorganic nano particles on the corrosion and fouling resistance properties was studied by
various (1, 3, 5 and 7 wt%) filler loading concentrations. Diglycidyl epoxy resin (DGEBA) commonly was
used for coating. 3-Aminopropyltriethoxysilane (APTES) was used as a coupling agent to surface treats
the TiO2 nanoparticles. The corrosion and fouling resistant properties of these coatings were evaluated
by electrochemical impedance and static immersion tests, respectively. Nano-hybrid coating (3 wt% of
APTESeTiO2) showed corrosion resistance up to 108 U cm2 after 30 days immersion in 3.5% NaCl solution
indicating an excellent corrosion resistance. Static immersion test was carried out in Bay of Bengal
(Muttukadu) which has reflected good antifouling efficiency of the 3 wt% APTESeTiO2 loaded nano-
hybrid coating up to 6 months.
© 2016 The Authors. Publishing services by Elsevier B.V. on behalf of Vietnam National University, Hanoi.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

In recent years, with the development of nano technology, re-
searchers try using nano size fillers to modify epoxy resins. The
nanoparticle reinforced epoxy resins show huge improvements on
their properties due to the unique characters of nano size fillers
[1,2]. Currently people believe that the improvements of epoxy
resins' properties are the result of nano size particles' surface effect,
quantum size effect and macroscopic quantum tunneling effect [3].
Because of the high viscidity of epoxy resin, it is hard to mix nano
size fillers uniformly into epoxy resins. So it is also necessary to
consider the manufacture process. Corrosion protection of metallic
substrates was one of the important roles performed by organic
coatings. Such coatings remain cost-effective for many users who
would like to have substrates coated just once and assume
appearance and function to be maintained. Organic coatings are
often used as a protective layer over the metal substrate to prevent
an).
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the substrate from oxidizing in a manner deleterious to the func-
tion and appearance of an object. They do so in several ways [4].
First, they act as a barrier limiting the passage of current necessary
to connect the areas of anodic and cathodic activity on the sub-
strate. This occurs especially if the coating wets the substrate sur-
face very well and has good adhesion in the presence of water and
electrolyte. Coatings do not really stop oxygen sufficiently to make
concentrations at the surface rate limiting and they do not
completely stop water ingress into them. However, a good barrier
coating slows water and electrolyte penetrations and is not dis-
placed by water at the substrate/coating interface.

Furthermore, the barrier performance of epoxy coatings can be
enhanced by the incorporation of a second phase that is miscible
with the epoxy polymer, by decreasing the porosity and zigzagging
the diffusion path for deleterious species. For instance, inorganic
filler particles at nanometer scale can be dispersed within the
epoxy resin matrix to form an epoxy nano-hybrid coating. The
incorporation of nanoparticles into epoxy resins offers environ-
mentally benign solutions to enhance the integrity and durability of
coatings, since the fine particles dispersed thoroughly in coatings
can fill cavities [5e7] and cause crack bridging, crack deflection and
crack bowing [8]. Nanoparticles can also prevent epoxy
National University, Hanoi. This is an open access article under the CC BY license
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disaggregation during curing, resulting in a more homogenous
coating. Nanoparticles tend to occupy small hole defects formed
from local shrinkage during curing of the epoxy resin and act as a
bridge interconnecting more molecules. This results in a reduced
total free volume as well as an increase in the cross-linking density
[9,10], In addition, epoxy coatings containing nanoparticles offer
significant barrier properties for corrosion protection [11,12] and
reduce the trend for the coating to blister or delaminate.

In recent years, a rapid surge of “green” metal pre-treatment
technology based on the silane agents was found in the field of
corrosion control of metals. The silane coupling agents have a
general structure of (XO)3SiY, where XO is a hydrolyzable alkoxy
group, which can be methoxy (OCH3) or ethoxy (OC2H5) and Y is an
organofuctional group. The formation of silane films is based on the
condensation reactions between silanols (Si-OH, hydrolysis prod-
uct of alkoxy group) and the metal hydroxyls (Me-OH). The orga-
nofuntional silane films deposited on the metal are usually
hydrophobic. They can act as a physical barrier against water. In
addition, the silane films can also act as adhesion promoters be-
tween metal substrate and organic coatings. In the past decade
many studies were done in corrosion protection properties of such
silane films [13e15].

In addition to the anticorrosion properties of epoxy nano-
hybrid coatings they have enhanced an antimicrobial property
that is useful in marine applications. Marine microbiological cor-
rosions are responsible for considerable damages to all devices
and vessels immersed in seawater, and this induces serious eco-
nomic problem to maritime activities [16]. Employing effective
antifouling marine paints, containing booster biocides at non-toxic
levels is one approach to solve the issue of fouling [17]. One
important function of paints containing biocides or inhibitors is to
obtain optimal release rate of the actual active substance into the
sea. The leaching rate of biocides should not be too fast, resulting
in rapid and premature depletion of the antifouling activity of
marine coatings and unnecessarily high concentration in the sea.
However, the release rate should not be too slow since this would
undoubtedly result in fouling [18]. In order to deal with both is-
sues, application of coreeshell structured materials should be one
of the best alternatives since the shells offer protection to the
cores and introducing new properties to the hybrid structures [19].
With all these thoughts in our mind, we made an attempt to
develop a unique epoxy coating formulation having functionalized
nano scale filler reinforcement capable of offering both corrosion
and microbial prevention.

2. Experimental

2.1. Materials

The base materials used in this work are di functional epoxy
resin (DGEBA) and Aradur HY951 triethylenetetramine (TETA) e a
room temperature curing agent, which is used in all the
systems supplied by Huntsman Advanced Materials. 3-
aminopropyltriethoxysilane and all other reagents were pur-
chased from SigmaeAldrich chemicals and used without further
purification.

2.2. Methods

The FTIR spectra were recorded on a Perkin Elmer 781 FTIR
spectrometer that determines the chemical bonds on TiO2 and
APTES. Spectra of nano-hybrid coatings were obtained with KBr
pellets. Vibration bands were reported as wave number (cm�1). The
TiO2 particles were characterized by X-ray diffraction (XRD) was
equipped with a Copper target (l ¼ 1.5405 Å) radiation using
Guinier type camera used as focusing geometry and a solid state
detector. Curved nickel crystal was used as the monochromator to
produce Cu Ka1 radiation in the range of 20�e90�. A JEOL JEM-3010
analytical transmission electron microscope, operating at 300 kV
with a measured point-to-point resolution of 0.23 nm, was used to
characterize the spherical morphology of unmodified TiO2 and
modified TiO2. The same samples were then coated with a thin
layer of gold by vaporization and morphology was observed by
scanning electron microscope (LEO 1455VP). Atomic force micro-
scopy (AFM) image of the samples was performed in the air with a
digital Instrument AGILENT e NP410A series 5500 AFM in contact
mode. Dispersion stability of nanoparticles (untreated and treated)
was evaluated in an organic solvent in order to achieve proper
dispersion of nanoparticles in the epoxy-based coating and making
possible chemical interactions between nanoparticles and poly-
meric coating. These are then to be subjected to electrochemical
impedance and salt-spray analysis to ascertain their corrosion
resistance behavior. Isolated microbes and their antimicrobial ac-
tivity were carried out on epoxy nano-hybrid coatings by agar
diffusion technique. Fouling resistance of the coatings was deter-
mined by antifouling studies by subjecting the coated samples in
sea for a period of 12 months at east coast of India, Tamil Nadu,
Chennai (Muttukadu boat house). The interesting results obtained
from this investigation are discussed in detail with supporting
evidences.

2.3. Synthesis of TiO2 nanoparticles

For the synthesis of TiO2, 0.5 M titanium butoxide solution was
prepared in 100 ml butanol and stirred for 15 min; further 30 ml DI
water was added drop wise in the above solution to allow hydro-
lysis. This solution was stirred for 30 min, which gave rise to white
precipitation. The obtained white precipitate was microwave irra-
diated for 5 min at 700 W power using microwave system. The
microwave used for this experiment was having a power range of
140e700 W. This obtained solution was left 24 h for aging at room
temperature and then centrifuged at 2000 rpm for 15 min. Ob-
tained precipitate was dried at 80 �C for 12 h. After complete dry-
ing, powder was crushed and calcinated in air at 500 �C for 2 h to
remove hydroxide impurities and recrystallization.

2.4. Synthesis of APTES grafted TiO2 nanoparticles

0.5 g of TiO2 nanoparticles was dispersed in 50 ml DI water by
ultra-sonication for 10 min. Then, the silane coupling agent APTES
with concentrations (5 g) were added in the dispersion. After that,
dispersed particles were separated from solvent by centrifuge
(10 min at 10,000 rpm) followed by washing with ethanol and
water alternatively for at least 2 cycles to remove excessive silanes.
To re-disperse the centrifuged particles in fresh solvent, they were
put in ultrasonic bath for more than 10 min to make sure a visually
well dispersed suspension was regained before centrifuge again.
Once the process was finished, the modified particles were dried in
an oven at 100 �C for 24 h and cooled in a vacuum chamber for 1 h
at room temperature.

2.5. Synthesis of TiO2eAPTESeDGEBA nanohybrid coatings

Epoxy coating was prepared using a high speed disperser. The
fabrication processes of TiO2eAPTESeDGEBA mixtures were as
follows. Different weight percentages of APTES grafted TiO2
nanoparticle (0, 1, 3, 5 and 7 wt%) were directly added to vessel
charged with epoxy resin and solvent mixture (butanol/xylene)
followed by addition of additives. The pigment was dispersed by
stirring at 400 rotations per minute (RPM) for 30 min and then



Table 1
Nomenclature of coating system on mild steel.

Sample
ID

Epoxy
resin

Pigment Surface modified NPs
composition (wt%)

Curing
agent

1% 3% 5% 7%

C1 DGEBA p TiO2 � � � HY951
C2 p � TiO2 � � HY951
C3 p � � TiO2 � HY951
C4 p � � � TiO2 HY951
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increasing the stirrer speed to 2000 RPM. The vessel was exter-
nally cooled using cold water to avoid rise in temperature during
processing. The dispersion was continued for 45e60 min to give a
uniform red paint. For curing, epoxy paint and curing agent
(HY951) were mixed in a weight ratio 100:58 of epoxy to amine.
The mixture was degassed in the vacuum oven for another 20 min
at 40 �C to remove any gas bubbles generated during the mixing
process. Solvents mixture of xylene and butanol was used for
dilution as per the convenience of bar coating application. By this
method, different coating formulations were employed for prep-
aration of nano-hybrid coatings and are listed in Table 1. Epoxy
coatings with desired thickness were then applied on the sand
blasted mild steel substrates using a hand bar film applicator to a
thickness of 100 mm. The free-standing films were prepared by
application of epoxy nanohybrid coatings on the polystyrene
sheets with a film thickness of 100 mm. The films were left for
about 2 weeks at room temperature for complete curing. The
Fig. 1. Synthesis of TiO2eAPTESeDG
reaction route of TiO2eAPTESeDGEBA nano-hybrid for coatings is
depicted in Fig. 1.

2.6. Surface preparation of mild steel panels for epoxy nano-hybrid
coatings

Mild steel (whose chemical compositions are given in Table 2)
specimens were used for our study. The different coating systems
used to protect steel structures against corrosion were chosen for
the purpose of the research. The specimens were degreased with
acetone to remove impurities from the substrate. Then the speci-
mens were subjected to sand blasting at a pressure of 100 psi
through the nozzle to get the appropriate crevice. The particle size
of the sand is 82 meshes. The distance between the substrate and
the blaster was maintained 2 feet. The specimens were kept in the
desiccator for conditioning. The process of the preparation of
hybrid coatings is shown in Fig. 2. Coatings were applied by hand
bar coater on commercially available mild steel plates
(2 mm � 1 mm � 1 mm) for corrosion resistance
test (70 mm � 50 mm � 1 mm) for salt spray test and biofouling
test. All the coated samples were cured at room temperature for 3
days and then kept in desiccators for at least 1 week before the tests
were performed. Coating thickness was measured by Mini test
600FN, EXACTO-FN type. The thickness of the coatings was found to
be approximately ±100 mm. Before subjecting them to various tests,
the panels were edge-sealed to an extent of 5e8 mm from the
edges using an epoxy type adhesive (supplied by Hindustan Ciba-
Geigy Ltd., India).
EBA nano-hybrid for coatings.



Table 2
Chemical composition of mild steel.

Element C Si Mn P S Cr Ti Ni Al Co Nb Fe

Weight (%) 0.033 0.005 0.235 0.011 0.005 0.046 0.003 0.043 0.073 0.007 0.005 Balance

Fig. 2. The process of the preparation of hybrid coatings.
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3. Results and discussion

3.1. FTIR spectra of TiO2 and TiO2eAPTES nanoparticles

The % transmission of APTES, unmodified TiO2 and APTES graf-
ted TiO2 by FTIR spectra are shown in Fig. 3. From spectra of
modified TiO2 and unmodified TiO2, the peaks below 700 cm�1,
which were assigned to TieO and TieOeTi bonding of titania, were
ignored in this case because of their over saturated absorption. The
Fig. 3. FTIR spectrum of unmodified TiO2 NPs, APTES grafted TiO2 NPs and APTES.
stretching vibration of absorbed water as well as surface hydroxyl
groups (OH), which were present in the TiO2 nanoparticles was
confirmed by the broad absorption band between 3400 and
3200 cm�1 and the low intensity peak at 1640 cm�1. After surface
modification by organosilane, as presented in spectra of modified
TiO2, the asymmetrical and symmetrical stretching vibration of the
CeH bond in methylene group was observed at 2928 and
2870 cm�1. Furthermore, the peak corresponding to SieOeSi bond
was observed at around 1040 cm�1 indicating the condensation
reaction between silanol groups. As shown in Fig. 3, the NeH
bending vibration of primary amines (NH2) was observed as a broad
band in the region 1605e1560 cm�1, and another low intensity
peak on the shoulder of Titania peak at 1140 cm�1 was assigned to
the CeN bond. The appearance of these bands demonstrated that
amine functional groups in organosilane were grafted onto the
modified particle surface. This spectrum reconfirms condensation
reaction between methoxy groups of APTES and the TiO2 surface
hydroxyl groups. Since the residual (non-reacted) and physisorbed
APTES was removed by extraction in ethanol solution, the
mentioned peaks show that grafting of APTES on the nanoparticles
has occurred successfully. The hydroxyl groups on the surface of the
TiO2 nanoparticles (Ti-OH) are reactive sites for the reaction with
alkoxy groups of silane compounds.
3.2. XRD analysis of TiO2 and TiO2eAPTES nanoparticles

The X-ray diffraction pattern of the synthesized TiO2 nano-
particles is shown in Fig. 4a. The obtained diffraction pattern was
compared with JCPDS datasheet JCPDS-894921. From Fig. 4a, the 2q
peaks were 25.2, 37.68, 47.84, 54.0, 55.2 and 62.44 were



Fig. 4. Powder XRD spectrum of unmodified TiO2 NPs and APTES grafted TiO2 NPs.

Fig. 5. Dispersion stability of TiO2 NPs before and after silane su
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corresponding to the planes for diffraction with 101, 004, 200, 105,
211 and 213. The crystallite size of nanoparticles was calculated by
XRD line broadening of the most intense peak using the Scherrer
formula. Crystallite sizes for these nanoparticles are about 35 nm
for TiO2, calculated from the most intense peak. The sharpness of
peaks shows that TiO2 nanoparticles are highly crystalline in na-
ture. The further XRD tests were managed on APTES grafted TiO2
nanoparticles, the patterns are shown in Fig. 4b as well. The XRD
patterns of on APTES grafted TiO2 nanoparticles are found to be
identical to unmodified TiO2. The comparison of two XRD patterns
illustrates that silane group has no impact on the crystal structure
of TiO2.
3.3. Dispersion stability test of TiO2 and TiO2eAPTES nanoparticles

The results of sedimentation tests of unmodified TiO2 and APTES
grafted TiO2 NPs suspended in ethanol are shown in Fig. 5. Two
types of sedimentation mechanisms could be observed [20], i.e.
flocculation and accumulation. For sample containing unmodified
TiO2, the sedimentation mainly occurred by flocculation mecha-
nism. The suspensions separated very quickly into sediments and a
clear supernatant on top of the sediment was observed. The sepa-
ration interfaces between the sediment and the supernatant were
sharp and moved downward with time. This sedimentation
behavior is typical of flocculated suspensions. For samples APTES
grafted TiO2 nanoparticles the sedimentation was due to their
accumulation at the bottom, while columns of cloudy supernatant
suspensions still remained after 3 days of settling. Solution con-
taining APTES grafted TiO2 exhibits the most turbidity. This sedi-
mentation behavior is typical of well-dispersed suspensions and
rface treatment after (a) 10 min, (b) 24 h, (c) 48 h, (c) 72 h.



Fig. 6. SEM images of (a) Unmodified TiO2 NPs, (b) Modified TiO2 NPs.
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smaller particles have much slower settling rates, which might be
counter balanced by Brownian motion, they will remain in the
supernatant for long times. Even after 3 days the solution con-
taining APTES grafted TiO2 remained turbid. It clearly indicates that
APTES modification can lead to increased stability of nanoparticles
in non-polar organic media.

3.4. SEM/EDX, AFM and TEM analysis of TiO2 and TiO2eAPTES
nanoparticles

The morphology of unmodified and modified TiO2 particles was
observed by SEM images. The unmodified TiO2 particle agglom-
erated severely as shown in Fig. 6a and separate particles cannot
Fig. 7. AFM (a) 3D and (b) topographic images of unmodified TiO2 NPs
be distinguished. However the EDX analysis suggests the presence
of Ti, and oxygen atomic percentage indicates the formation of
TiO2. Moreover, the modified TiO2 particles shown in Fig. 6b
showed different degree of agglomeration; within the agglomer-
ated areas, clear contours are visible between the TiO2 particles.
This indicates that the modified TiO2 nanoparticles are easier to
disperse in the weakly polar media. AFM 3D and topographic
image of nanoparticles are shown in Fig. 7aed. Most of the par-
ticles distributed are homogeneous and holds the size less than
53 nm. Fig. 8a & b shows the TEM photograph of TiO2 nano-
particles before and after treatment. It shows that the particles are
of spherical shape. The formation of small aggregates was also
noted in the TEM images.
and AFM (c) 3D and (d) topographic images of modified TiO2 NP.



Fig. 8. TEM images of (a) Unmodified TiO2 NPs, (b) Modified TiO2 NPs.
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3.5. FTIR characteristics of TiO2eAPTESeDGEBA nano-hybrid
coatings

FTIR spectra of the unmodified and APTES grafted TiO2 loaded
epoxy nano-hybrid coatings are shown in Fig. 9. The spectra of the
nano-hybrid coatings with different wt% surface modified TiO2
nanoparticles contents exhibit the characteristic absorption peaks
corresponding to polymeric groups and nanoparticles. It is evident
that the peak intensity at 910 cm�1 corresponding to epoxide group
significantly decreases after the silane modification, which in-
dicates that the epoxide was chemically consumed by silane agent.
It is also clear that the peak intensity of eOH at 3460 cm�1 in-
creases due to the formation of new hydroxyl groups after the
open-ring reaction of epoxide group. The appearance of the peak at
2920 cm�1 and 2852 cm�1, 1017 cm�1 corresponding to
Fig. 9. FTIR spectra of Coating ‘C1’ (1%), Coating ‘C2’ (3%), Coating ‘C3’ (5%) and Coating
‘C4’ (7%).
eSieOeCH2eCH3 andeSieOe indicates that the silane component
was grafted to epoxy resin. The incorporation of different nano-
particles in epoxy matrix caused slight changes in the intensities of
absorption bands as well as the formation of new absorption bands
in the range of 600e400 cm�1 which are attributed to the TieO
stretching. This result confirmed the existence of TiO2 nano-
particles in epoxy nano-hybrid coatings.
3.6. SEM analysis of TiO2eAPTESeDGEBA nano-hybrid coatings

From these images (Fig. 10a&b), it was found that the surface
modified different nanoparticles with coupling agent are spherical
in shape. The results showed that all nanoparticles were homoge-
neously dispersed in epoxy matrix. The unmodified TiO2 aggre-
gated, and a crack around the aggregation emerged in the coating
after, because there was no grafted epoxy resin on the TiO2 surface,
the compatibility between TiO2 and epoxy resin was poor and
interface bonding between nanoparticles and epoxy resin was
weak. With the increasing of the graft density, the compatibility
and interface bonding between nanoparticles and epoxy resinwere
improved; the aggregation of TiO2 and the cracks around the ag-
gregation were decreased. When the TiO2 with the maximum graft
density on the surface was added into the coating, few TiO2 ag-
glomerations and no cracks between the interface of nanoparticles
and epoxy matrix were observed. Therefore, the compatibility and
interface bonding between nanoparticles and epoxy resin were
improved with the increase of graft density on the surface of
nanoparticles. As it can be observed, for sample containing un-
treated nanoparticles, relatively large particle aggregates with a
non-uniform distribution appeared on the surface of the samples.
However, with APTES treatment of TiO2 nanoparticles, the size of
particle aggregates on the surface of the coating film minimum and
more uniform distribution of nanoparticles was also achieved, as
compared to its untreated counterparts. However, in order to
evaluate the homogeneity and distribution of the nanoparticles to
the entire volume of the film, further studies are needed.
3.7. Corrosion analysis of TiO2eAPTESeDGEBA nano-hybrid
coatings by salts spray test

Fig. 10 shows the results of the 3.5% NaCl solution salts spray
tests after 1200 h exposure. All the coatings tested exhibited the
initial formation of corrosion products, which were inevitable,
given their relatively thin nature. The coating under investigation is
made using epoxy resin which forms one layer of coating system
compared to other resins. Although the visual evaluation associated



Fig. 10. SEM images of nanohybrid coatings (a) Unmodified TiO2/DGEBA, (b) Modified TiO2/DGEBA.
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with this corrosion monitoring technique precludes differentiation
between the 1, 3, 5 and 7 wt% TiO2eAPTES modified samples, those
containing ‘C2’ (3 wt%) and ‘C3’ (5 wt%) TiO2 appeared to be more
corrosion resistant (Table 3). A similar trend was apparent after
1200 h, as shown in Fig. 11, with the ‘C2’ (3 wt%) and ‘C3’ (5 wt%)
TiO2 modified samples displaying the least white rust. After 1200 h,
the corrosion of the epoxy layer had proceeded and all the samples
then showed evidence of corrosion of the underlying steel, shown
in Fig. 11. Considering the total corroded area as a measure of
corrosion resistance, the ‘C2’ (3 wt%) TiO2 sample remained the
most effective, while that containing ‘C1’ (1 wt%) appeared to be
satisfactory than the ‘C0’ (0 wt%) and ‘C4’ (7 wt%) concentrations
over longer immersion. The test demonstrates that the addition of
TiO2 to the epoxy resin can have a positive effect on the corrosion
resistance of the coating.

3.8. Corrosion analysis of TiO2eAPTESeDGEBA nano-hybrid
coatings by EIS test

The epoxy coatings based on untreated and APTESeTiO2 were
subjected to accelerated corrosion test using an electrochemical
impedance analysis. The Bode plots for the coating systems ‘C1’,
‘C2’, ‘C3’ and ‘C4’ are depicted respectively in Fig. 12. The values of
impedance of all the coating systems are in between 4.93� 108 and
1.27 � 106 U cm2, exhibiting their excellent corrosion resistance.
The corrosion resistance and phase angle q value of the coating
obtained are also presented in Table 4. It was clearly evident that
the coating ‘C3’ (3 wt% of nano TiO2) having high corrosion resis-
tance value of 4.93� 108 is superior to other coatings (‘C1’, ‘C2’, ‘C3’
and ‘C4’) with APTESeTiO2. This superior corrosion resistance
Fig. 11. The photographs of salt-spray exposed TiO
offered by coating system ‘C3’ may be due to the presence of op-
timum wt% of surface modified nano TiO2 and its uniform distri-
bution within the epoxy coating, which offers a defect free coating
of low porosity and high cross linking density and coating integrity.
Grafting of the silane coupling agent was found so effective to
modify the surface properties of TiO2 nanoparticles from hydro-
philic to hydrophobic character by improving its dispersibility in
epoxy nano-hybrid coatings. This clearly showed that proper
interaction between matrix and the inorganic components would
have occurred. The APTESeTiO2 being uniformly dispersed
throughout the film apparently serves to increase the hydropho-
bicity of the coating, by repelling water and corrosion initiators and
thereby offering improved corrosion protection properties. This
shows that APTESeTiO2 containing coating is more protective in
nature. The very high resistance values, i.e. >108 U cm2 of all
coatings of our present study indicate their high corrosion protec-
tion ability. On comparing the resistance values of TiO2 containing
coatings ‘C1eC4’ (3 wt% TiO2) coating ‘C2’ exhibited the highest
corrosion resistance values 4.93� 108. The high values of resistance
in the order of 108 U cm2 obtained from Bode plots confirm that
there was no contact between the electrolyte and metal substrate
and suggest their excellent corrosion protection to steel surfaces.
However, the resistance value is decreased slightly from the initial
value of 4.93 � 108 U cm2 to 3.88 � 107 after 30 days of immersion
in 3.5% NaCl solution. Phase angle (theta) at high frequencies was
recently considered as a useful parameter for evaluating the pro-
tective performances of nano hybrid coatings. If the coating shows
high resistance, the current prefers to pass through dielectric
pathways and the results will be higher phase angles (near 100�)
between the current and the voltage. In low resistance coatings,
2eAPTESeDGEBA coating samples for 1200 h.



Table 3
Results of salt spray test of TiO2eAPTESeDGEBA nano-hybrid coatings after 1200 h
exposure of 3.5% NaCl.

Sample
ID

Observation after 1200 h

C1 Light brown rust along the scribes, rust creep 2.5 mm
along scribes

C2 No light brown rust along the scribes, rust creep 0.5 mm
along scribes

C3 Light brown rust along the scribes, 1 mm along scribes
C4 Light brown rust along the scribes, rust creep 2 mm along scribes

Table 4
Data resulted from EIS analysis of 0 and 30 days of immersion in 3.5% NaCl.

Sample
ID

Name of
nanohybrid

NPs
wt%

0 day immersion in
3.5% NaCl

30 days immersion
in
3.5% NaCl

Impedance
(U cm2)

Theta
(q)

Impedance
(U cm2)

Theta
(q)

C1 TiO2eAPTES
eDGEBA

1 1.15 � 107 75 1.27 � 106 71
C2 3 4.93 � 108 95 3.88 � 107 85
C3 5 1.71 � 108 90 1.52 � 107 86
C4 7 1.00 � 108 85 1.44 � 107 91
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current prefers to pass through conductive pathways and the re-
sults are lower phase angles (near 0�). The phase angle plots of
various coating systems ‘C1’, ‘C2’, ‘C3’ and ‘C4’ of present study are
depicted in Fig. 12 for 0 and 30 days of immersion in 3.5% NaCl
solution. Table 4 gives the values of phase angle q measured for all
coating systems on exposure to electrolyte solution for 0 and ‘30’
days respectively. It shows that the phase angle of epoxy nano-
hybrid coating ‘C3’ decreased during 30 days of the immersion
from 95� to 85�. It can be concluded that this coating demonstrated
capacitive behavior and that the coating was stable during the
immersion time.
3.9. Protection mechanism of TiO2eAPTESeDGEBA nano-hybrid
coatings

The corrosion resistance of APTES grafted TiO2 epoxy coatings
was superior than the corrosion resistance offered by unmodified
TiO2 grafted epoxy coating. Fig. 12 illustrates the impedance anal-
ysis of APTES grafted TiO2 epoxy nano-hybrid coating compared
with that of neat epoxy coatings. Table 4 gives a comparison be-
tween the impedance values of modified TiO2 (3 wt%) epoxy
coatingwith that of neat epoxy to find out the extent of reduction in
corrosion. It can be seen that corrosion rate of modified TiO2 epoxy
coating is 4.3 � 108 U cm2 while that of neat epoxy coating is found
to be 3.21 � 104 U cm2 indicating the excellent resistance against
corrosion imparted by modified TiO2 epoxy coatings. The modified
TiO2 (3 wt%) being uniformly dispersed throughout the film
apparently serves as nano-structured cross-linking sites [21] to
form hard protective films with high cross-link density and rela-
tively [22] increase the hydrophobicity of the coating, by repelling
water and corrosion initiators with an improved corrosion protec-
tion properties [23]. In contrast to this observation, modified TiO2

coating containing 7 wt% exhibited inappropriate dispersion
Fig. 12. Bode plot of TiO2eAPTESeDGEBA coating systems for (
forming aggregates, air pockets as well as discontinuity of the film,
which resulted in decrease in corrosion resistance.
3.10. Antibacterial behavior of TiO2eAPTESeDGEBA nano-hybrid
coatings

TiO2 is widely utilized as a self-cleaning and self-disinfecting
surface coating material. TiO2 has a more helpful role in environ-
mental purification due to its photo induced super-hydrophobicity
and antifogging effect [24]. These properties were applied in
removing bacteria and harmful organic materials from water and
air, as well as in self-cleaning or self-sterilizing surfaces in medical
centers [25]. Some antimicrobial agents are extremely irritant and
toxic and current researches are focused on formulate new types of
safe and cost-effective biocide materials [26]. On the other hand,
nano structured reservoirs made of inorganic oxides like TiO2, and
synthesized by the solegel process, were demonstrated to be
biocompatible and suitable supports for a wide variety of com-
pounds [27]. Therefore, in this study the effect of TiO2eAPTES
nanoparticles was investigated against different microbes. The
antimicrobial activity of TiO2eAPTESeDGEBA nanohybrid coatings
was investigated against Staphylococcus aureus and Pseudomonas
aeruginosa bacteria by zone inhibition method. Fig. 12 explains
assessment of the antibacterial activity of TiO2eAPTESeDGEBA
nanohybrid coatings with the concentration of TiO2. Fig. 12a and b
shows the activity against S. aureus and P. aeruginosa respectively.
The results of zone inhibition method were described from Fig. 13a.
It clearly shows that TiO2 modified epoxy nanohybrid composite
films show good inhibition zone around the films. It can be seen
from Fig. 13a that the zone of inhibition increases with increase of
TiO2 concentration in epoxy nano-hybrid coatings. Fig. 13b and c
clearly depicts that TiO2 nanoparticles did not significantly reduce
the growth of P. aeruginosa and Aspergillus niger strains. It is clearly
a) 0 days, (b) 30 days of immersion in 3.5% NaCl solution.



Fig. 13. Antimicrobial activities of TiO2eAPTESeDGEBA nanohybrid coatings against (a) S. aureus, (b) P. aeruginosa, (c) A. niger and (d) SEM image of S. aureus after treatment.
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evident from the result that the antibacterial activity of the samples
was notably stronger against Gram-positive S. aureus than Gram-
negative P. aeruginosa [27]. The stronger antibacterial activity
against Gram-positive bacteria is due to the structural difference in
cell wall composition of Gram-positive and Gram-negative bacteria.
The Gram-negative bacteria have a layer of lipopolysaccharides on
the exterior, followed underneath by a layer of peptidoglycan.
Furthermore, this structure helps bacteria to stay alive in environ-
ment where external materials exist that can damage them. The
results of antibacterial activity of non-functionalised TiO2 and
TiO2eAPTES nanoparticles from the agar well diffusion method
showed a remarkable inhibitory activity against S. aureus. This ac-
tivity was caused due to Ti2þ ions on the surface bind to sulfur and
phosphorus containing bio-molecules such as DNA or other bio-
logical moieties, thereby potentially causing cell damage. On the
other hand, the antimicrobial capability of APTESeTiO2 nano-
particles might be referred to their small size which is 250 times
slighter than bacteria. This creates them stress-free to adhere with
the cell wall of the microorganisms causing its destruction and
leads to the loss of the cell. Fig. 13d visualizes the SEM image of
destruction and cell death of S. aureus after exposure to
APTESeTiO2eDGEBA nanohybrid coatings. This observation further
supports that APTESeTiO2 nanoparticles may interact with
S. aureus cells more efficiently. Also, the particles interact with the
building elements of the outer membrane and might cause struc-
tural changes, degradation and finally cell death. This may be due to
the suspension stability of APTESeTiO2 is better in epoxy coatings.
These observations further support the results of dispersion sta-
bility study. The SEM image shows that the surface modification
significantly reduced nano aggregation and nano-size particles
were resided on bacterial surface. After TiO2 nanoparticles were
surface modified, the individual nanoparticles or small-sized
aggregated particles were tightly attached on the cellular surface,
whichmay serve as a Ti2þ carrier and enhance the transport of toxic
Ti2þ across extracellular polymeric substances and cell walls.
Therefore, the TiO2 anti-microbial activity, resulting from the sur-
face modification process, was enhanced by the synergistic influ-
ence of particle's physical effect combined with the Ti2þ stresses.

3.11. Antifouling behavior of TiO2eAPTESeDGEBA nano-hybrid
coatings

TiO2 is a white powder with high opacity, brilliant whiteness,
excellent covering power and resistance to color change. These
properties have made it a valuable pigment and opacifier for a
broad range of applications in paints. The antifouling properties of
resins were investigated through a simple visual observation of the
immersed coated panels and also verified the erosion and adhesion
properties by visual inspection. Only two samples of our present
study ‘(C2)’ 3 wt% TiO2eAPTES and ‘(C3)’ 5 wt% TiO2eAPTES were
selected for comparing the antifouling properties of the resins.
Sample ‘(C2)’ showed the highest anticorrosion and antimicrobial
activity between the two. The pictures corresponding to the anti-
fouling test carried out in Bay of Bengal (Muttukadu) for 6 months
of immersion are illustrated in Fig. 14, which shows that all samples
except neat epoxy coated MS panel were free from erosion. Epoxy
coated MS panel was covered by various types of marine fouling,
including juvenile barnacles, oysters, polycheates and a thin slime



Fig. 14. Photograph taken after the TiO2eAPTESeDGEBA coated panels were immersed in seawater: (a) After 6th month, (b) After 12th month and SEM images taken (c) After 6th
month, (d) After 12th month.
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of an algal mat besides a heavy macro-fouling growth observed on
this sample. However, the sample “C2” exhibited a greatly
improved foul release behavior compared to other coating formu-
lations. This is explained by the presence of silane functionalized
TiO2 (TiO2eAPTES) group, which protected the surface from the
settlement of fouling organisms. The examined foul release coating
developed in our present study consists only of the TiO2eAPTES
loaded epoxy polymer resins unlike the commercial marine paint,
which mainly consists of polymer resins, pigments, additives and
organic solvents. Thus the TiO2eAPTES loaded epoxy nano-hybrid
coatings with an optimum addition of 3 wt% TiO2 can be more
effective as foul release paint formulation with an improved anti-
fouling property in comparison with the commercial antifouling
paint formulation that consists of many harmful additives. Thus the
TiO2eAPTES loaded epoxy nano-hybrid coating is environment
friendly as well.

4. Conclusions

The corrosion resistance for various nano-hybrid coatings were
in the following order ‘C2’ > ‘C3’ > ‘C4’ > ‘C1’ > ‘C0’ >MS. At the end
of the salt spray test, no visible corrosion products were seen on the
surface of the unscratched area of panels coated with modified
epoxy coating containing 3 wt% surface modified TiO2. This may be
due to the APTES grafted TiO2 nanoparticles, which can firmly
adhere over the MS showed excellent corrosion resistance and thus
no coating defects were found over the surface of the panels. This
same order was retained from the results got from EIS. It was
interesting to note that with the exception of the uncoated mild
steel and mild steel with neat coating, all modified epoxy coated
samples with TiO2eAPTES showed corrosion resistance up to
108U cm2 indicating an excellent corrosion resistance. The superior
corrosion resistance offered by coating system ‘C2’ may be due to
the optimum wt% loaded TiO2 nano particle and even its distribu-
tion within the epoxy matrix, which gave a flawless coating of low
porosity, high cross linking density and improved coating integrity.
For the investigation of the antimicrobial behavior, the plates
coated with nano-hybrid epoxy were treated with microorganisms.
The outcome of zone inhibition test indicated that the antimicrobial
activity of various nano-hybrid coatings. The use of TiO2eAPTES
exhibited the highest effect on S. aureusmicroorganisms due to the
progressed surface chemistry and chemical stability of TiO2eAPTES
which make them easy to interact with the bacteria. The particles
also interact with the building elements of the outer membrane
and cause structural changes, degradation and finally cell death to
bacteria. The results expressed that the antifouling efficiency of the
coating film first is improved by adding 3 wt% of TiO2eAPTES and
then the performance becomes worse when the amount of
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TiO2eAPTES reached is 5 wt% and 7 wt% respectively. The reason
which caused this change of antifouling property may be inferred
as follows. When the addition of TiO2eAPTES is 3 wt%, it is well
distributed within the coating, to effectively inhibit bio-fouling. On
the other hand, if the addition of TiO2eAPTES is beyond 3 wt%, the
excess addition causes uneven distribution of TiO2eAPTES in the
coating film which might have led to the pore formation on the
surface of the coating namely ‘C3’ and ‘C4’.
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