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ABSTRACT 
In recent years conducting polymers (CPs) have been paid more attention as new materials 
for several applications. Among the various uses of CPs corrosion protection of metals has 
attracted the attention of many researchers. Herein, we report the synthesis and corrosion 
protection activity of polypyrrole and polypyrrole/ Zn-doped TiO2 nanocomposites. 
Scanning electron microscopy revealed a spherical shape of the PPy. The XRD and EDX 
results confirmed the presence of nanoparticles in the nanocomposite. The corrosion 
performance of the coatings on mild steel was evaluated by corrosion current 
measurement in 3.5 % NaCl solution. From the corrosion current measurement using 
hamfield corrosion studies kit, the corrosion rate of the coating was found to be 0.156 
mm/yr and 75.51 % protection efficiency after 8 days. This is likely due to the increased 
surface area of the PPy synthesized in the presence of the Zn/TiO2 NPs. It is evident that 
the presence of Zn/TiO2 NPs can enhance the resistance against corrosion at the 
steel/electrolyte interface.  
 
 

INTRODUCTION 

Corrosion of materials such as mild steel causes 
big losses in the economy of many countries due 

to the huge amount of funds needed in order to 

minimize it. For instance, previous studies have 
estimated that the cost of corrosion in the USA 

alone stands at 276 billion each year represent 
3.1 % of the US gross domestic product (GDP) 

(Thompson et al., 2007 and Hsieh et al., 2013). 

Thus research on corrosion protection and 
mitigation are important long term investments 

due to the economic and environmental concerns 
(Wei et al., 2015). Despite the existence of many 

corrosion prevention techniques, it is still 
important to develop new approaches to 

decrease the effect of corrosion. 

Conducting polymers (CPs) are quite promising 
for use as corrosion resistance agents to 

protective coatings (Lei et al., 2015 and Bai et al., 
2015). Among the conducting polymers, 

polypyrrol (PPy) and polyaniline (PANI) have 

been examined as corrosion resistance coatings 
for diverse metal substrates, including steel, 

aluminium and copper (Yuan et al., 2016 and 
Kamaraj et al., 2010). Electro-active polymer-

based inorganic nanocomposites also have been 

given some consideration based on their excellent 
physical properties in the development of 

corrosion protection of metals (Singh et al., 2013 
and Deyab and Keera, 2014). In recent years, 

polypyrrole based nanocomposites are the most 

utilized due to their high stability, environmentally 
benign and facile preparation in aqueous media 

(Mahmoudian et al., 2013). The polymers 

prepared in the vicinity of nanoparticles have 
increased surface area (Lenz et al., 2003). This 

increases their capability of interaction with the 
released ions in the process of corrosion. Recent 

studies on polypyrrole/TiO2 NCs as corrosion 

coating have shown that charge transfer 
resistance of coating can be improved by the 

presence of TiO2. The anticorrosive properties of 
polypyrrole nanocomposite coating on steel is a 

result of the formation of stable passive oxide 
layers such as α-Fe3O4, α-Fe2O3 and β-Fe2O3 at   

the polymer-metal interface (Lenz et al 2003). 

Ladan et al., (2017) synthesized a polypyrrole 
nanocomposites in the presence of TiO2 and co-

doped TiO2 nanoparticles by in situ chemical 
oxidative polymerization in the presence of 

methyl orange as a soft template. The samples 

were characterized by FE- SEM, FTIR, XRD, TEM 
and TGA. The performance of the samples 

against corrosion were evaluated by 
incorporating the polymer samples in a butvar 

coating and tested on steel, the protection 

efficiency of the PPy/TiO2 and co-doped TiO2/PPy 
samples were evaluated after 30 days of 

exposure of the coated steel samples in 3.5% 
NaCl solution. 

http://dx.doi.org/10.4314/bajopas.v15i2.7 
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The result from electrochemical impedence 
spectroscophy (EIS) and potentiodynamic 

measurements showed that presence of co-

doped TiO2 NPs in the coating enhances the 
resistance against corrosion at the steel- 

electrolyte interface. In another study by 
Mahmoudian et al., (2011). They synthesizes 

PPy/Sn-doped TiO2 nanocomposite and reported 

that the doping of Sn in TiO2 lattice increases the 
anti-corrosion performance of the polymer 

coating.  
In the present studies, polypyrrole and 

polypyrrole/ Zn-doped TiO2 nanocomposites were 
synthesised, characterized, and evaluated for 

corrosion protection. 

 
EXPERIMENTAL SECTION 

MATERIALS 
Pyrrole and titanium tetraisopropoxide were 

purchased from Sigma Aldrich whereas Iron (iii) 

Chloride and acetic acid were purchased from 
BDH. 

Synthesis of Zn/ TiO2 and TiO2 

nanoparticles  

The Zn/TiO2 NPs was prepared by sol-gel 
technique using titanium tetra isopropoxide 

(Ti[OCH(CH3)2)]4 and zinc acetate as the 

precursors. At the beginning, the titanium 
precursor and zinc acetate were mixed with 

glacial acetic acid, with double distilled water 
added into the mixture. The molar ratio of the Zn-

doped TiO2 (3 mol %) nanocomposite was 1: 10: 

200 for (Ti[OCH(CH3)2)]4 : glacial acetic acid : H2O 
respectively. The solution was stirred constantly 

for 6 hrs and kept for 24 hrs at an ambient 
temperature to form a gel. The as-synthesized gel 

was placed at 75 °C in an oven, after which the 

obtained particles were ground to fine powders 
and finally calcined at 500 °C for 5 hrs. The TiO2 

NPs were also prepared using the same 
procedures for comparison with the Zn/ TiO2. 

NPs (Mugundan et al., 2015) 
Preparation and characterization of Zn 

doped TiO2/PPy nanocomposites 

For the preparation of polypyrrole doped 
Zn/TiO2nanocomposite, 5.4 g FeCl3 was added to 

100 mL of water. The uniform solution was 
resulted by using magnetic mixer. After 30 

minutes 0.24 g of Zn/TiO2 NPs was added to the 

solution and after 20 min 1 mL fresh pyrrole 
monomer was added to the stirred solution. The 

reaction was carried out for 6 hrs at room 

temperature. Consequently, the product was 
filtered to separate the impurities, product was 

washed several times with de-ionized water and 

dried at 60 °C in oven for 24 hrs (Al-sabagh et al., 
2016). 

Physicochemical characterizations 
X-ray diffraction (XRD) was performed to confirm 

the presence of TiO2 and Zn/TiO2 NPs in the PPy 

matrix and to determine the size of the 
nanoparticles. The morphology of the 

Zn/TiO2/PPy, TiO2/PPy and PPy were 
characterized by SEM Pw 100-002 microscope 

(Phenon proxy,). The chemical bonding of the 
nanocomposites was analyzed with FT-IR 

spectrophotometer 84003 (Shimadzu). The 

differential scanning calorimetry analysis (DSC) 
was performed to measure the thermal stabilities 

of the PPy, TiO2/PPy NCs, and Zn-doped TiO2 /PPy 
NCs respectively, at a heating rate of 10 °C/min 

under nitrogen atmosphere. The elemental 

analysis of the samples (EDX) were carried out 
using (Phenon proxy, model no, Pw 100-002) in 

the same manner as SEM. 
Coating formulations of Zn-doped 

TiO2/PPy NCs for corrosion tests 
0.2 g of PPy/Zn/TiO2 nanocomposite was 

dispersed in 12 ml of clear epoxy with continuous 

stirring for 20 hrs. Afterward, 8 ml of hardener 
was then added to the above solution under 

stirring for another 4 hrs at 400 rpm, thus yielding 
a black viscous solution with uniformly dispersed 

Ppy/Zn/TiO2 nanocomposite and without settling 

(Xinxin Sheng et al., 2016). For comparison PPy 
and PPy/TiO2 coatings were also prepared by 

similar method. Iron coupons (mild steel) 2 cm × 
3 cm × 0.2 cm were mechanically polished  with 

emery paper of different grades followed by 

rinsing with acetone and distilled water before 
coating and corrosion experiment. (Olad et al., 

2010). 
Dip coating technique 

The already prepared mild steel samples were 
dip-coated for 30 s in a PPy/Zn-doped TiO2 NCs 

epoxy coating solution and dried at ambient 

temperature for 20 min. The coated steel samples 
were then air dried at 50 °C in an oven for 24 hrs. 

Steel panels coated with epoxy incorporated with 
TiO2/PPy NCs and PPy were also prepared, and a 

steel panel coated with epoxy alone was used as 

the control. The steel samples with a coating 
thickness of 80 µm were used for the corrosion 

tests. 
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Fig. 1. Corrosion studies kit showing the metal samples in 3.5 % NaCl 
 

Corrosion current measurement using 

corrosion studies kit 

The rate of corrosion (corrosion current) of the 
coated and uncoated steel samples was 

measured using Armfield corrosion test kit in 
3.5% NaCl solution. The already prepared NaCl 

solution was divided into different containers in 

which the samples were kept. The electrometer 
was then connected in series to each of the 

sample setup. The setup was then kept in that 

condition for another one week and the corrosion 

current was noted daily. After the seven days, the 

corrosion rate was then calculated using equation 
(1). 

𝐶𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 (𝑚𝑚/𝑦𝑟) =  𝑘1 ∗ 𝐼𝑐𝑜𝑟𝑟 ∗
𝐸𝑊

𝜌
......(1) 

Where, k1; constant = 3.27*10-3 mm g/μA cm 
yr, I corr = current density in micro ampere per 

centimeter square (μA. cm-2 ),  EW = equivalent 

weight of metal, ρ = density of metal.                    
 

RESULTS AND DISCUSSION 
Physicochemical Characterization 

 
 

 
 

 

 
 

 
 

 

 
 

 
 

 

 
 

 
 

 
 

 

 
 

 
 

Figure 2. FTIR spectra of (a) TiO2 NPs, (b) Zn doped TiO2 NPs, (c) Polypyrrole, (d) PPy/TiO2 NCs and 

(e) PPy/Zn-doped TiO2 NCs 
  

Fig. 2a depicts the FT-IR spectrum of TiO2 NPs prepared by sol-gel method and heated at 500 °C for 5 hrs. The 
absorption band observed at 3365 cm-1 in the TiO2 NPs spectrum is due to the O-H stretching vibration frequency 
and also signals a strong hydrogen-bonding between OH and the surface of titanium dioxide (TiO2). The 
characteristic peak at 1655 cm-1 is assigned to the H-O-H bending vibration mode of the observed water 
molecule(s) as well as Ti-OH (Shen et al., 2011). From Fig. 2b, the characteristic peaks at 3566 cm-1 and 1622 cm-

1 in Fig. 2 shifts to a lower wavelength region of 3391 and 1655 cm-1. This could be due to introduction of 3 wt % 
of Zn in the Zn-TiO2 nano particle. Fig. 2c shows the FTIR spectra of PPy. In the PPy spectrum, the bands between 
1529 and 1443 cm-1 are due to the major vibrations of the pyrrole rings, which correspond to the asymmetric and 

(a) 

(b) 

(c) 
(d) 

(e) 
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symmetric ring-stretching modes of PPy (Jiang et al., 2009). The absorption peak at 3439 cm-1 is due to the N-H 
stretching, the characteristic peak observed between 1290 and 1141 cm-1 are attributed to the C-N stretching 
vibration and the in-plane deformation vibration of NH+ and band at 1030 cm-1 belongs to the C-H and N-H in-
plane deformation vibrations. As shown in Fig. 2d and 2e all the characteristics absorptions shifted to lower 
wavelengths which could be due to the introduction of TiO2 and Zn/TiO2 nanoparticles respectively. 

                 

 

 
 

 
 

 

 
 

 
 

 
 

 

 
 

 
 

 

 
 

 
 

 

 
 

Fig. 3. XRD pattern of (a) TiO2 NPs, (b) PPy/TiO2 NCs, (c) Zn/TiO2 NPs and (d)     PPy/Zn/TiO2 NCs                                                                                  
 

The XRD patterns of pure TiO2 NPs, Zn/TiO2 NPs, PPy doped TiO2 and PPy doped Zn/TiO2NCs are shown in Fig. 3 
a-d. From the XRD diffraction patterns, it is observed that both the TiO2 NPs (Fig. 3a) and Zn/TiO2 NPs (Fig. 3b) 
are in anatase phase. Also, it is obvious that the XRD pattern of Zn/TiO2 NPs (Fig. 3c) display similar XRD pattern 
with the TiO2 NPs, i.e., at 3 % of zinc doping, the XRD diffraction peaks do not show any zinc phase (Karthik et 
al., 2010). This suggest that the zinc ions are dispersed uniformly onto the TiO2 where the presence of zinc does 
not influence the growth of new crystal arrangements of TiO2. However, the average diffraction peaks intensity of 
Zn/TiO2 NPs were slightly broadened compared to the bare TiO2 NPs. This is as a result of decrease in the crystallite 
size of TiO2 in the presence of zinc doping (Mugundan et al., 2015). The average crystallite size were calculated 
from the (FWHM) of the XRD diffraction peaks using the Scherrer formula (Sookhakian et al., 2014). 

𝐷 =
𝑘𝜆

𝛽𝑐𝑜𝑠𝜃
 ...........................................................................................................(2) 

Where the parameter D is the average crystallite size of the nanoparticles, K the shape factor, which is 0.94; λ is 
the X-ray wavelength, β is the FWHM of the XRD diffraction pattern expressed in radian and θ is the angle of 
diffraction. The crystallite sizes of the nanoparticles calculated from Scherrer equation are 18.87 nm and 16.12 nm 
for TiO2 NPs and Zn/TiO2 NPs respectively. In this case Zn doping is further evidenced by the EDX charts. 
Furthermore, it is observed that all the prominent peaks in TiO2 NPs and Zn doped TiO2 NPs have appeared in the 

XRD patterns of PPy doped TiO2 NCs (Fig. 3c) and PPy doped Zn/TiO2 NCs (Fig. 3d) respectively. Figs. 4a and 4b 
give the EDX chart of TiO2 and Zn-doped TiO2 NPs respectively. The Ti and Zn peaks are detected at 

4.5 keV and 1.0 keV respectively. The result confirmed the presence of Zn in the TiO2 NPs due to the 
decreased in the intensity of Ti peak and appearance of Zn peak. This means some Ti atoms are 

substituted by Zn atoms.  
 

(a) (b) 

(c) (d) 
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Fig. 4: Energy dispersive x-ray spectroscopy of (a) TiO2 NPs and (b) Zn-doped TiO2 NPs 
 

    

 
  

 
 

 

 
 

 
 

 
 

 

 
 

 
 

 

 
 

 
 

 
 

 

 
 

 
 

 

 
Fig. 5: SEM micrographs of (a) TiO2 NPs, (b) Zn-doped TiO2, (c) PPy, (d) PPy/TiO2 and (e)   PPy/Zn-

doped TiO2 NCs at a magnification of X1000.                                                                                                                                                             
Fig. 5a and 5b illustrate SEM images of TiO2 and Zn-doped TiO2nano particles respectively prepared by 

sol-gel method, the SEM indicates that TiO2 and Zn/TiO2 have tetragonal shape with cubic symmetry. 

The morphology of polypyrrole and the nanoparticles incorporated polypyrrole synthesized by in-situ 
chemical polymerization are shown in Fig. 5c and Fig. 5d. The micrograph of polypyrrole reveals the 

presence of globular particles. In Fig. 5a and 5b the SEM indicates that TiO2 and Zn-doped TiO2 
nanoparticles have a nucleus effect and cause a homogenous PPy core-shell morphology leading to the 

coverage of TiO2 and Zn-doped TiO2 nanoparticles by PPy deposit (Fig. 5e). The result also showed 
that with the presence of nanoparticle in the PPy matrix, the PPy particles became more compacted 

(Hanaor et al., 2011).  

(a) 
(b) 

(a) (b) 

(c) 
(d) 

(e) 
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Fig. 6: DSC thermograph of (a) PPy, (b) PPy/TiO2 NCs and (c) PPy/Zn-doped TiO2 NCs 

Table 1: Thermal properties of the polymer and polymer nanocomposites 

 Sample name                              (Tg)                 (Tc)             (Tm)                     % crystallinity 
Polypyrrole (PPy)                     27.63 0C               -                  110 0C                        - 

PPy/TiO2                                                 29.83 0C             37.77 0C               - 19.28 % 
PPy/Zn-doped TiO2                           31.29 0C           44.57 0C                -                      32.51 % 

 

Fig. 6 shows the DSC thermograph for PPy (a), PPy/TiO2 (b) and PPy/Zn-doped TiO2 (c) obtained at a 
heating rate of 10 °C min-1. From the beginning of the heating, there observed a significant endothermic 

baseline change which indicates heat absorption by the samples and corresponds to the glass transition 
temperature (Tg). for the samples. From Fig. 6a pure Polypyrrole sample is found to have an onset 

glass transition temperature (Tg) at 27.63 °C and an endothermic peak at 110 °C which correspond to 

its melting temperature (Tm). As shown in Fig. 6b, the PPy/TiO2 NC shows glass transition temperature 
(Tg) at 29.83 °C and an exothermic peak at 37.77 °C which is due to cold crystallization process of the 

polymer. Moreover, from Fig. 6c, the DSC thermograph of PPy/ Zn-doped TiO2 NC shows a Tg at 31.29 
°C and a large exothermic peaks with one at 44.57 °C followed by two others at 51 °C and 63 °C. This 

indicates an increase in the crystallization temperature of the nanocomposite. This increase in the 
crystallization temperature of the nano composite can be attributed to the doping of the nanoparticles 

into the matrix of the poly pyrrole polymer leading to the formation of a compound with melting point 

considerably higher than the un-doped Polypyrrole (Sedaghat, 2014). Furthermore, from the DSC data 
the percentage crystallinity of the PPy/TiO2 and that of PPy/ Zn-doped TiO2 were found to be 19.28 % 

and 32.51 % respectively. Thus it might be concluded that doping of nanoparticles 
onto Polypyrrole causes an improvement in its thermal stability (Ladan et al., 2017). 

 

CORROSION STUDIES 
Corrosion Current Measurement using Corrosion Kit 

 
Figure 7. Corrosion current density vs elapsed time for  bare mild steel (a), mild steel with epoxy resin 
coating (b), mild steel with PPy/epoxy coating (c), mild steel with PPy/TiO2/epoxy coating (d) and mild 

steel with PPy/Zn-doped TiO2/epoxy coating (e) in 3.5% NaCl solution 
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Table 2: corrosion rate parameters using Armfield corrosion kit in 3.5% NaCl solution 
 

S/N Sample name                       corrosion current          Corrosion rate         % efficiency 

           (µA/Cm2)                 (mm/yr) (%) 
1. Blank mild steel      4.9 0.830 0 

2 Blank epoxy coated      2.1 0.358 57.14 
Mild steel 

3           Ppy/epoxy coated mild  1.8  0.248                    63.27 

Steel 
4.          Ppy/TiO2/epoxy  1.4 0.193                    71.43 

       Coated mild steel 
5.           Ppy/zn-doped TiO2/epoxy 1.2 0.156   75.51 

Coated mild steel 
 

Figure 7a shows the relationship between the 

corrosion current density and immersion time of 
bare mild steel in 3.5% NaCl, right from the 

beginning   (1st day) the corrosion current density 
was high which keeps increasing up to the eighth 

day. This could possibly be as a result of 

continuous corrosion process taking place in the 
electrolyte between the surface of the mild steel 

and the corrosive medium since there is no barrier 
between the surface of the mild steel and the 

corrosive species. From Fig. 7b, c, d and e, which 
corresponds to the mild steel coated with epoxy 

alone, mild steel coated with Ppy/epoxy blend, 

mild steel coated with Ppy/TiO2/epoxy and 
Ppy/Zn-doped TiO2/epoxy blend respectively, the 

corrosion current density remained steady up to 
day four which then starts increasing from day 

five and then later starts decreasing up to day 

eight. The possible reason for this increase could 
be as a result of barrier between the steel surface 

and the electrolyte as well as formation of stable 
passive oxide layers such as α-Fe3O4, α-Fe2O3 and 

β-Fe2O3 at the polymer-metal interface (Lenz et 

al 2003). Similarly the tremendous decrease in 
the corrosion current density observed by Ppy/Zn 

doped TiO2/epoxy coating could be as a result of 
the fact that the Ppy/Zn doped TiO2 

nanocomposite has very large surface area 
(confirmed by XRD) which in turn makes it’s 

interaction with the mild steel surface stronger. 

Moreover, Table 2 shows the values of corrosion 
current density of the mild steel samples after day 

eight. The result revealed that Ppy-Zn doped TiO2 
coated sample has minimal corrosion current 

density compared to others after the same period 

whereas mild steel sample without coating shows 
maximum corrosion current density. 

Corrosion rate (C.R) in mm/year have also been 
calculated using the formula shown in equation 3. 

𝑪𝒐𝒓𝒓𝒐𝒔𝒊𝒐𝒏𝒓𝒂𝒕𝒆(𝒎𝒎 𝒚𝒓⁄ ) =
𝑲𝟏×𝑰𝒄𝒐𝒓𝒓×𝑬𝑾

𝝆
.........................................(3) 

(mm/yr) = millimeter per year, K1; constant = 
3.27*10-3 mm g/μA cm yr, Icorr = current density 

in micro ampere per centimetre square (μA. cm-2 

), EW= equivalent weight of metal, ρ = density of 
metal. 

From the results, it was observed that the 
corrosion rate was highest for the uncoated mild 

steel in 3.5 % NaCl medium. After 8 days of 

corrosion current measurement, the C.R value of 
the uncoated mild steel was found to be 0.830 

mm/year. Epoxy and Ppy coated samples showed 
C.R. values of 0.358 mm/year and 0.248 mm/year 

respectively. While in the case of Ppy-Zn doped 
TiO2 coated sample at 10 % loading, C.R. value 

reduced to 0.156 mm/year. 

The corrosion protection efficiency (% P.E.) of the 
coatings were also determined from the 

measured Icorr (corrosion current densities with 
blank mild steel electrode (Iocorr) without 

coatings and corrosion current densities with a 

mild steel electrode coated with polymer coated 
(Iccorr) values by using the  relationship 

represented by equation (4). 
𝑃. 𝐸(%) =  𝐼𝑜𝐶𝑜𝑟𝑟−𝐼𝑐𝐶𝑜𝑟𝑟

𝐼𝑜𝐶𝑜𝑟𝑟
×

100.............................................................(4) 

From the result in Table 2, the protection 
efficiency of blank epoxy coating was found to be 

only 57.14 %, while that of PPy, PPy doped TiO2-
based coatings was 63.27 % and 71,43 % 

respectively. In the case of PPy doped Zn/TiO2-
based coatings, highest protection efficiency of 

75.15 % was recorded. The superior corrosion 

protection ability of the coating could be due to 
the increased surface area of the PPy doped 

Zn/TiO2 which can increase its ability to interact 
with the ions liberated during the corrosion 

reaction of steel in the presence of NaCl 

(Mahmoudian et al., 2011). 
 

CONCLUSION 
Polypyrrole was synthesized in the presence of 

nanoparticles which results in the decrease of the 

size of the polypyrrole there by increasing its 
surface area of contact which interacts well with 

the steel surface. 

  

47 



BAJOPAS Volume 15 Number 2, December, 2022 

 

The corrosion protection of polypyrrole increases 
with the increase in polypyrrole dispersion in the 

reaction medium. Furthermore, the protection 

efficiency of the coating prepared from PPy/Zn-
doped TiO2 and PPy/TiO2 were found to be 75.51 

% and 71.43 % respectively after 8 days of 

immersion of the coated mild steel in 3.5 % NaCl 
solution. Moreover, these results confirmed the 

better performance of the coatings incorporated 

with PPy/ Zn-doped TiO2 compared to the 
coatings incorporated with PPy/TiO2 NCs and PPy 

alone. 
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