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Abstract— The inhibitive action of PVDF — TiO, (PVDTIi)
composite on the corrosion of mild steel in 3.5% NaCl has
been investigated by potentiodynamic polarization, and
electrochemical impedance spectroscopic (EIS) studies.
Characterization of PVDTi composite has been carried out
using Fourier transform infrared spectroscopy (FTIR) and
X ray diffraction. Experimental results reveal that PVDTi
composite acts as an inhibitor in 3.5% NaCl environment.
The inhibition efficiency increases with an increase in the
concentration of the TiO,. Maximum inhibition efficiency of
PVDTi composite was found for the highest concentration of
TiO, .
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I. INTRODUCTION

Valuable metals, such as mild steel, aluminum and copper
are prone to corrosion when they are exposed to
aggressive media (1). Therefore, there is a need to protect
these metals against corrosion. It is a serious problem in
the oil, fertilizer, and other industries (2-5). Therefore,
there is a need to protect these metals against corrosion.
The use of polymers as corrosion inhibitors have drawn
considerable attention recently due to their inherent
stability and cost effectiveness. Owing to the multiple
adsorption sites, polymeric compounds adsorb more
strongly on the metal surface compared with their
monomer analogues (6-7). Therefore, it is expected that
the polymers will be better corrosion inhibitors. The
Literature reveals that a wide range of polymeric
compounds have been successfully investigated as
potential inhibitors for the corrosion of metals in
aggressive media. Water soluble conducting polymer
composite, poly(vinyl alcohol-threonine) was chemically
synthesized and the corrosion inhibition performance was
evaluated (8). Titanium dioxide (TiO,) has traditionally
received a lot of attention due to its chemical stability,
non-toxicity, low cost and other advantages. As a result, it
is widely used as a white pigment, gas sensor,
anti-reflection coating in many thin-film optical devices,

biomaterials and catalyst/support/additive in catalytic
reactions (9). In continuation of our quest for developing
corrosion inhibitors with high effectiveness and
efficiency, the present paper aims at the utilization of
PVDTi composite as corrosion inhibitor by
potentiodynamic  polarization and electrochemical
impedance studies. FTIR and XRD spectroscopic
technique was used to reveal the formation of PVDTi
composites.

Il. EXPERIMENTAL
Chemicals and reagents

Titanium dioxide (TiO,), Dimethyl formamide and
PVDF from Merck chemicals.

PVDF- TiO, composite preparation (PVDTi composite)

A definite quantity of PVDF was dissolved in dimethyl
formamide followed by the addition of a known quantity
of TiO, and then it was made into a paste in an agate
mortar and was subjected to heat at 80 °C for 30 minutes
in a hot air oven and made into a powder. PVDTi
composites were prepared in the following proportions of
PVDFand TiO,: PVDTi1-9:1, PVDTi2-8:2,PVDTi 3
-7:3,PVDTi 4 -6:4, PVDTi 5 -5:5 and PVDTi 6 — 4:6.

XRD

In order to understand the properties of composite
material, it is essential to know about the details of its
structure. The X-ray diffraction pattern (XRD) technique
was used for characterization. The XRD of PVDF, TiO,
and PVDTi composites were recorded using Philips
X’PERT PRO diffractometer with Cu Ko (A= 1.54060 A)
incident radiation. The XRD peaks were recorded in the
20 range of 20-80°.

FTIR spectra
The FTIR spectrums of PVDF , TiO, and PVDTi

composites were recorded using Shimadzu FTIR
spectrophotometer in the range of 4000-500 cm™.
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Electrochemical measurements

The experiments were performed in a classical
three-electrode electrochemical cell. Mild steel specimen
of 1 cm? area was used as the working electrode and
platinum electrode as a counter electrode and saturated
calomel electrode as a reference electrode. Prior to each
experiment the working electrode surface was polished
with emery paper. Biologic Electrochemical work station
(model SP 300) interface with EC lab software were used
for data acquisition and analysis. For polarization and
impedance studies the period of immersion was for 30
minutes. Polarization technique was carried out from a
cathodic potential of -250 mV to an anodic potential of
+250 mV with respect to OCP at a scan rate of 1 mV/s. In
EIS technique a small amplitude AC signal of 10 mV and
a frequency spectrum from 10° to 10 Hz was impressed
at the OCP and the impedance data were analysed using
Nyquist plots. The impedance data were fit into
appropriate equivalent electrical circuit using EC lab
software. The parameters obtained from the best fit
equivalent circuit were analysed.

I11.RESULTS AND DISCUSSION
XRD

The XRD pattern of pure PVDF is shown in figure 1
which indicates PVDF has monoclinic structure. The peak
positions (20 = 18.48(0 2 0), 20.18(1 1 0), 26.60(0 2 2),
34.91(131),38.81(04 1) and 41.41°(2 2 1) and relative
intensities obtained for the polymer match with the
JCPDS Card no. 38-1638 file, identifying it as PVDF with
monoclinic structure with  phase(Figure 1). The average
crystallite size is found to be 0.1549 pum.
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Figure 1 XRD pattern of PVDF

The peak positions (20 = 25.30 (1 0 1), 38.57 (1 1 2),
48.04(200),53.88 (105),62.68(204),70.29(220),
75.05 (2 1 5) and 83.16° (3 1 2) and relative intensitites
obtained for TiO, match with the JCPDS Card no.
78-2486 file, identifying it as TiO, with anatase phase
(Figure 2). The average crystallite size is found to be
0.1858um.
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Figure 2 XRD pattern of TiO,

The sharp crystalline diffraction peaks noticed in pure
PVDF, have become less prominent in case of
composites. The intensity of the peak at 38.0° , is
gradually decreased (Figure 3(i) — (iii)). The occurrence
of decrease in intensity of diffraction peaks with TiO,,
suggest the decrease in the degree of crystallinity of
PVDF. It is interesting to note that the PVDTi 6 is more
amorphous thus leading to a higher conductivity. These
observations appear to reveal that the polymer undergoes
a significant structural reorganization due to the presence
of the chosen TiO, (10). The average crystallite size is
found to be 0.1409 pum. Intense peaks of PVDF found at
18.48, 20.18, 26.60 and 38.81° are remarkably reduced
for the composites. Crystallinity of the host polymer is
disrupted by the addition of TiO, and it can be attributed
to destruction of the ordered arrangement of the polymer
side chains. The segmental mobility of polymer chains is
much higher in amorphous regions than in the crystalline
region. The amorphous nature produces greater ionic
diffusivity in accordance with the ionic conductivity (11).
In general, a decrease in the crystalline nature effectively
increases the flexibility of the polymeric backbone and
promotes the ion transfer. The observed decrease in
FWHM (Full width half maximum) and decrease in
crystallite size is generally associated with decrease in the
crystallinity of polymer composites (12). After the
introduction of TiO, into the polymer chains, a slight shift
in the strongest peak position to lower angle is observed,
indicating the presence of specific interactions between
PVDF and TiO,. The average crystallite size is found to
be 0.1358 um.
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Figure 3(i) XRD patterns of PVDTi 1 and 2
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Figure 3(ii) XRD patterns of PVDTi 3 and 4

PVDTi 5

Figure 3(iii) XRD patterns of PVDTi 5 and 6
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FTIR

The observed vibrational band at 1402 cm™ belongs to the
deformation vibration of the CH, group. The peaks
noticed at 873 and 854 cm™ belongs to the rocking mode
of vinylidene group of the polymer. The band at 1066 cm™
is due to B crystalline phase of PVDF (Figure 4). The
bands at 532 and 498 cm™ may be assigned to the wagging
and bending vibration of CF,. The bending vibration of
CF, is observed at 613 cm™also (13-14).
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Figure 4 FTIR spectrum of PVDF

Inthe FTIR spectrum of TiO,, Ti—O bands in the range of
800-450 cm™ corresponds to the stretching mode
vibration of Ti-O and the peak at 511 cm™, the
characteristic of Ti-O anatase crystalline phase (15). The
peaks at 550 and 1479 cm™ correspondss to the stretching
vibration of Ti-O and Ti-O-Ti respectively (Figure 5).
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Figure 5 FTIR spectrum of TiO,

The bands between 1060 and 1000 cm™ in the composite
PVDTi show the characteristic peaks of TiO,. A band at
511 cm™ is due to stretching vibration of Ti-O in the
composite (Figure 6(i) — (iii)). A peak at 491 cm™
indicates the presence of Ti-O-Ti stretching vibration in
the composite. In addition, the bands occurring between
800-1400 cm™ are due to the lattice vibrations of TiO, in
the composite. The characteristic PVDF peaks such as
1401, 1184, 1929 cm™ and the bands between 2400-2014
cm™ are also present in the composite. It can be seen
clearly that the intensity of the band at 762 cm™ which is
characteristic of a crystalline phase of PVDF deceases
with the increase of TiO, content, implying the interaction
between PVDF and TiO,. It is very note worthy that
PVDF remain in small traces , in the polymer composites
with high TiO, content. This is unique phenomenon when
comparing with anatase TiO, , whose higher anatase TiO,
content easily destroys the crystalline phase of PVDF
(16).
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Figure 6 (i) FTIR spectra of PVDTi 1 and 2
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Figure 6 (ii))FTIR spectra of PVDTi 3 and 4
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Figure 6 (iii)FTIR spectra of PVDTi 5 and 6
Polarization studies

The I, of bare mild steel is 35.1 pA/cm2 . The
incorporation of TiO, into PVDF matrix reduced the
corrosion currents of PVDTi 60.9 and 2.0 pA/cm?®. This
indicates that the addition of ceramic oxides in PVDF
matrix has improved the corrosion resistance. It is seen
that the least corrosion current value i.e. a better corrosion
resistance is displayed by PVDTi 6 (Figure 7). The
corrosion potential E,, of bare mild steel is -706 mV. The
incorporation of TiO, into PVDF matrix resulted in a
positive shift in potential. This indicates that the addition
of ceramic oxides in PVDF matrix has improved the
corrosion resistance. An increase in ceramic oxides
content in the composites PVDTi 6, resulted in a
significant shift to more positive value indicating its better
corrosion resistance behaviour compared to all the other 5
composite samples (Table 1). Thus, it’s understood that
the addition of ceramic oxides upto 10-60 wt% favours
the corrosion resistance (17). This indicates that with
increase in the content of ceramic oxides, the corrosion
rate decreases.
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Figure 7 Potentiodynamic polarization curves for mild
steel in 3.5% NaCl in absence and presence of different
concentration of PVDTi composites

Table 1 Corrosion parameters obtained from Polarization
studies for bare mild steel and coated PVDTi composites

System Ecorr (MV) | leorr Corrosion rate
studied (LA/cm?) | (mpy)

Bare mild | -706 35.1 10.72

steel

PVDTi 1 -264 10.2 3.11

PVDTi 2 -247 8.5 2.59

PVDTi 3 -243 6.1 1.86
PVDTi 4 -241 4.9 1.49
PVDTi 5 -239 2.6 0.79
PVDT 6 -235 0.9 0.28
EIS Studies

The Nyquist plots of composites with diffent oxides are
shown in the figures 8. Figures represent the Nyquist plot.
The interception of Z’ in the nyquist plot at higher
frequencies is ascribed as electrolytic bulk resistance R
and at lower frequencies the interception is ascribed as
R The Nyquist plot shows the emergence of a second
semi circle. The equivalent circuit (Figure 9 and 10 ) used
for fitting the plots obtained for bare mild steel and
coatings and the fitted values are displayed in Table 2.
The R values increased significantly when compared to
bare mild steel. The R value being the highest for PVDTi
6 indicating that the active area available for corrosive
attack is less or alternatively the corrosion resistance is
better compared to other samples(18). It is understood
from the table that Cy value is very low for PVDTi 6. This
indicates that addition of around 60 wt% of ceramic oxide
improved the surface morphology of the coating and
decreased the surface defects. The improvement of
corrosion resistance could be attributed to the fine surface
structure of composite coating compared to bare mild
steel due to the incorporation of ceramic oxide particles
into polymer (19-21). The higher values of the Ry
obtained for the composite coatings of the present study
imply better corrosion protective ability (22).
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Figure 8 Nyquist plots for bare mild steel and PVDTi
composites

Table 2  Electrochemical parameters obtained from
Impedance studies for bare mild steel and coated PVDTi
composites

System studied | R, (Ohm cm?) Cal (UF)

Bare mild steel | 23.4 2.583x10°
PVDTi 1 41.25 2.530x10°°
PVDTi 2 57.16 2.010x107
PVDTi 3 62.44 1.980x10°°
PVDTi 4 65.77 1.121x10°°
PVDTi 5 68.61 1.080x10°°
PVDTi 6 99.11 0.786x10°
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Figure 9 Equivalent circuit model for bare mild steel
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Figure 10 Equivalent circuit model for PVDF
composites

IV. CONCLUSIONS

PVDF- TiO, (PVDTi) composite acted as an effective
corrosion inhibitor for mild steel in 3.5% NaCl medium.
PVDTi composite formation was confirmed by XRD and
FTIR techniques. The inhibition efficiency of PVDTi
composite increases with increase in concentration.
Maximum inhibition efficiency was 94% at 60 wt %
concentration of TiO,. Electrochemical studies confirmed
the mixed mode of inhibition for the corrosion of mild
steel in 3.5% NaCl medium. without modifying the
mechanism of hydrogen evolution of the inhibitor and

dissolution of metal.
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