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Thiourea-Formaldehyde polymer (T-F Polymer) was synthesized by microwave method and its 

inhibitive action on the corrosion of mild steel (MS) in 1 M HCl was investigated under different 

experimental conditions using weight loss, electrochemical impedance spectroscopy (EIS) and 

potentiodynamic polarization technique. These techniques confirmed the adsorption of polymer on 

mild steel surface. Results obtained showed that the polymer acts as a good corrosion inhibitor for MS 

in 1 M HCl. It inhibits corrosion by adsorption mechanism. Tafel polarization data revealed that the 

polymer acted as mixed-type inhibitor. The adsorption of the inhibitor on mild steel surface obeyed the 

Langmuir adsorption isotherm. 
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1. INTRODUCTION 

The use of corrosion inhibitors is an effective and economic method for controlling corrosion 

of metals and alloys in many industrial processes during pickling processes, industrial acid cleaning, 

oil and gas well acidizing [1-3]. Organic compounds containing nitrogen, sulphur, oxygen atoms and 

multiple bonds act as effective corrosion inhibitors and inhibit corrosion by adsorption mechanism [4-

11]. As effective corrosion inhibitors, these compounds have a strong tendency to displace water 

molecule from the metal surface, interact with anodic or cathodic reaction sites to retard the oxidation 

and reduction corrosion reaction, and prevent transportation of water and corrosion active species on 
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the surface. The chemical structure of the molecule (mostly planner) affects the rate of adsorption and 

the corrosion inhibition [12-14]. Polymers have been reported as effective corrosion inhibitors because 

of their high molecular weight and large size they provide high corrosion inhibition [15-20].The 

Polymers having large repeating units that may cover more area on the metal surface and form a metal-

polymer complex which leads to high inhibition efficiency [21] 

In present work we have studied the inhibitive action of T-F polymer on corrosion of mild steel 

in 1 M HCl using weight loss, electrochemical impedance spectroscopy (EIS) and potentiodynamic 

polarization techniques.  

 

 

2. EXPERIMENTAL                                              

2.1. Materials and Solutions 

Weight loss and electrochemical experiments were performed on mild steel having following 

composition (wt. %): 0 .076% C, 0.192% Mn, 0.012% P, 0.026% Si, 0.050% Cr, 0.023% Al, 0.123% 

Cu and remaining Fe. For weight loss study, mild steel coupons having dimensions of 2.5 cm × 2 cm × 

0.025 cm were used. For electrochemical study, coupons having dimensions of 8 cm × 1 cm × 0.025 

cm with an exposed area of 1 cm
2 

and rest being covered by epoxy resin were used as working 

electrode. The test solution of 1 M HCl was prepared by diluting analytical grade 37% HCl with 

double distilled water. The stock solution of Thiourea-Formaldehyde polymer (T-F polymer) which 

was used as inhibitor was prepared in a water-ethanol mixture having a ratio of 10:1. 

 

2.2. Synthesis of Thiourea-Formaldehyde polymer 

Thiourea-Formaldehyde polymer (T-F polymer) was synthesized by polycondensation of 

thiourea and formaldehyde in acidic medium (Scheme 1). In a 100 ml three-necked round-bottomed 

flask, 1.52 g of Thiourea and 10 ml of methanol were heated until the thiourea dissolved. Then 1.5 ml 

solution of formaldehyde was added, and pH was adjusted to 3 with acetic acid. The mixture was then 

kept in microwave at 90 
◦
C. The experimental conditions are shown in Table 1. 

 

Table 1. Optimization of reaction conditions for T-F polymer 

 

S.N Power (W) Time (min) Temperature (ºC) Yield (%) 

1 300 5 90 10 

10 16 

2 400 5 90 18 

10 25 

3 500 5 90 32 

10 48 

4 700 5 90 65 

10 79 
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The reaction was monitored by thin layer chromatography (TLC) using ethanol as an eluent. 

The resulting colourless viscous product was washed with diluted NaOH solution, distilled water, 

ethanol and acetone [22].  

 

 
 

Scheme 1. Synthetic route for the formation of T-F polymer 

 

2.3. Weight loss measurements 

Weight loss experiments were performed by immersing the MS coupon in 1M HCl (100 ml) in 

absence and presence of different concentration of inhibitor. After 3 h of immersion time the coupons 

were taken out, washed, dried and weighted accurately. The corrosion rate (CR), inhibition efficiency 

(η%), surface coverage (θ) and were determined by using following equations, 
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where W is the average weight loss of MS specimens, a is total surface area of MS specimen, t 

is the immersion time (3 h) and D is the density of MS in (gcm
–3

), in equation (2) CR and i

RC  is the 

corrosion rates of MS in the absence and presence of the inhibitors  respectively. 

 

2.4. Electrochemical measurements     

The electrochemical experiments were performed in conventional three electrode cell, 

connected to Potentiostat/Galvanostat G300-45050 (Gamry Instruments Inc., USA). Echem Analyst 

5.0 software package was used for data fitting. Cell assembly consists of MS as working electrode with 
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an exposed area of 1 cm
2
, platinum electrode as an auxiliary electrode, and saturated calomel electrode 

(SCE) as reference electrode. All potentials reported were measured versus SCE. Tafel curves were 

obtained by changing the electrode potential automatically from −0.25 V to +0.25 V versus open 

corrosion potential at a scan rate of 1.0 mVs
–1

.EIS measurements were performed under potentiostatic 

conditions in a frequency range from 100 kHz to 0.01 Hz, with amplitude of 10 mV AC signal. The 

experiments were carried out after an immersion period of 30 min in 1M HCl in absence and presence 

of different concentrations of T-F Polymer. 

 

 

 

3. RESULTS AND DISCUSSION 

3.1. Electrochemical measurements 

3.1.1. Potentiodynamic polarization measurements 

The Potentiodynamic polarization curves for mild steel in 1M HCl in absence and presence of 

inhibitors are shown in Figure 2 and electrochemical parameters such as corrosion potential (Ecorr), 

corrosion current density (Icorr), anodic and cathodic slopes (βa and βc) obtained from these curves are 

given in Table 2. The inhibition efficiencies were calculated by Icorr values using following equation, 

corr corr(inh)

corr

% 100
I I

I



                                                                                                                (4) 

where Icorr and Icorr(inh) are the corrosion current density in absence and presence of inhibitor 

respectively, in 1 M HCl. 

The results of polarization study show that the addition of different concentrations of polymer 

leads to a decrease in the Icorr values [23]. The maximum decrease in Icorr values and hence, highest 

inhibition efficiency (93.5%) was obtained at 600 ppm. It is also observed that the addition of inhibitor 

causes a significant change in corrosion potential Ecorr. The presence of polymer causes Ecorr shifts 

towards negative direction having maximum Ecorr obtained 65 mV with respect to blank acid solution, 

indicating mixed type inhibition [24].  

 

Table 2. Polarization data for MS in 1 M HCl in absence and presence of different concentrations of 

T-F polymer. 

 

Inhibitors  Concentrations (ppm)      Icorr              Ecorr             βa                βc              η% 

                                                         (µAcm-
2
)    (mV/SCE)    (mV/dec)    (mV/dec) 

 
Blank                    0.0                           1070            -448              46              96             - 

                             100                           374             -515               58              298          65.0 

                             200                           221             -514               52              213          79.3 

                             300                           208             -511               46              121          80.5 

                             400                           101             -517               39              68            90.5 

                             500                             91             -503               40              87            91.4 

                             600                             69             -513               29              57            93.5 
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Figure 2. Polarization curves for MS in 1 M HCl in absence and presence of different concentrations 

of T-F polymer 

 

3.1.2. Electrochemical impedance spectroscopy (EIS) 

The Nyquist plot depicts the impedance response of mild steel. From the plots, it can be 

observed that impedance response of mild steel is increased by the addition of T-F Polymer .The 

obtained Nyquist plots are not perfect semicircles, which is attributed to non-homogeneity of the 

surface and roughness of the metal. The Nyquist plot and equivalent circuit model is shown in Figure. 

3(a), (b) and corresponding data are given in Table 3.  

The capacitive loop indicates that the corrosion of MS is mainly controlled by a charge transfer 

process and the highest the capacitive loop obtained at 600 ppm. It is seen that addition of T-F Polymer 

increases the values of Rct and reduces the Cdl. The decrease in Cdl is attributed to an increase in the 

thickness of electronic double layer [25-26]. The values of double layer capacitance, Cdl was calculated 

from equation,  
1

dl 0 max( )nC Y                                                                                                       (5) 

where Y0 is CPE coefficient, n is CPE exponent (phase shift), ω is the angular frequency.  

The thickness of this protective layer (d) is correlated with Cdl by the following equation, 

dl
oA

C
d


                                                                                      (6) 

where ε is the dielectric constant and ε0 is the permittivity of free space and A is surface area of 

the electrode. 
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Figure 3. The (a) Nyquist plot and (b) equivalent circuit model for MS in 1M HCl containing different 

concentrations of T-F polymer 

 

The higher values of Rct are generally attributed to slower rate of corrosion of MS .The 

inhibition efficiency is calculated using charge transfer resistance (Rct) as follows, 

ct(inh) ct

ct(inh)

% 100
R R

R



                                                                                                             (7) 

Where Rct(inh) and Rct are the values of charge transfer resistance in presence and absence of 

inhibitor in 1M HCl respectively   

Bode plot and phase angle plot are plotted against frequency and a linear relationship between 

|Z| against log f, with slope near -1 and the phase angle tends to become -90
◦
 behave as ideal capacitor. 

The slope value (−S) 0.82 and phase angle (−α°) 74.15 are obtained for MS in presence of 600 ppm of 

T-F Polymer. The deviation from the ideal capacitive behavior is due to electrochemical system which 

generally does not behave in an ideal manner. The phase angle at higher frequencies is attributed to 

anticorrosion performance. The more negative the phase angle, the more capacitive the electrochemical 

behavior [27] shown in Table 4, bode phase angle plot is shown in Figure 4.  

 

(a) 

(b) 
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Figure 4. Bode-impedance and Phase angle plots for MS in 1M HCl containing different 

concentrations of T-F polymer. 

 

Table 3. Electrochemical impedance parameters and corresponding efficiencies of MS in 1M HCl at 

different concentrations of T-F polymer 

 

Inhibitor 

concentration(ppm) 

    Rct 

(Ω cm
2
) 

 

n Yo 

(10
-6

Ω
-1

 cm
-2

) 

Cdl 

(μF cm
-2

) 

η% 

Blank 12.1 0.868 242.6 100.6 -  

100 42.5 0.897  88.4   46.6            71.5 

200 56.0 0.906  80.7   45.9            78.9 

300 60.8 0.894  77.6   42.1            80.0 

400 69.1 0.902  76.1   41.3            82.4    

500 76.9 0.889  74.4   40.4            84.2  

600 113.0 0.901  67.2   39.8            89.2 

 

Table 4 Slopes of the Bode plots at Intermediate Frequencies (S) and the Maximum Phase angles (α°) 

for Mild Steel in 1M HCl solution with increasing T-F polymer concentrations 

 

Inhibitor concentration(ppm)                     −α°                     −S 

Blank 54.29 0.67 

100 63.17 0.73 

200 59.29 0.77 

300 63.39 0.80 

400 67.70 0.84 

500 67.19 0.81 

600 74.15 0.82 
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3.2. Weight loss measurements 

3.2.1. Effect of inhibitor concentration 

The weight loss experiment is a base line method to observe optimum concentration after 

which there is no remarkable change in the inhibition efficiency. This may be due to the adsorption of 

T-F Polymer leading to the formation of a smooth layer on metal surface which prevents the contact of 

metal with the surrounding acidic environment and higher bonding ability of inhibitor on the mild steel 

surface is due to the higher number of lone pairs on heteroatoms and π orbitals. Data obtained for MS 

in 1M HCl in presence and absence of different concentrations of inhibitor is summarized in Table 5. 

The corrosion rate values of MS in 1M HCl decreases as the concentration of T-F Polymer increases 

[28-29].  

 

Table 5. Weight loss data for MS in 1M HCl at different concentrations of T-F polymer 

 

Inhibitor 

concentration(ppm) 

         CR 

      (mm/y) 

                     θ                      η 

                   (%) 

 Blank                                     74.20    -    - 

100                                          34.87 0.53 53.0 

200                                          26.34 0.64 64.5 

300 15.95 0.78 78.5 

400 13.72 0.81 81.5 

500  7.04 0.90 90.5 

600  4.82 0.93 93.5 

 

3.2.2. Adsorption isotherm    
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Figure 5. The Langmuir adsorption isotherm plot for MS at different concentrations of T-F polymer. 
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Adsorption process of an inhibitor depends upon its nature such as planarity of compound lone 

pairs present in hetro atoms, multiple bonds etc. The addition of T-F Polymer rapidly forms a 

protective layer on metal surface through metal/solution interface [30-31]. The solid MS surface 

contains a fixed number of adsorption sites and each site holds one adsorbed species. The surface 

coverage, θ, covered after adsorption was calculated according to equation (3). 

By fitting the degree of surface covered (θ) to adsorption isotherms including Frumkin, Temkin 

and Langmuir isotherms, best fit was obtained in the case of Langmuir isotherm by plotting (C/θ) vs. θ 

gives a straight line with regression coefficient (R
2

=
 
0.9921) as shown in Figure 5. 

 

3.2.3. Thermodynamic activation parameters 

The effect of temperature can be understood by thermodynamic activation parameters during 

corrosion process. Activation energy increases with increasing temperature due to decrease in 

adsorption of T-F Polymer resulting in dissolution of already adsorbed layer [32-33]. As the 

temperature rises, the metal comes in contact with outward corrosive environment leading to 

dissolution of metal. The activation energy can be calculated using following equation, 

Rln( ) aE
C A

RT


                                                                            [8]   

where Ea is the activation energy for corrosion of MS in 1M HCl, R is the gas constant, A the 

Arrhenius pre-exponential factor and T is the absolute temperature. A plot of the corrosion rate ln CR 

vs 1000/T gives a straight line as shown in Figure 6(a). The values of Ea in 1 M HCl in absence and 

presence of T-F Polymer are determined from the slope by plotting the values obtained given in Table 

6. 
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Figure 6. Adsorption isotherm plots (a) log CR vs. 1000/T (b) log CR/T vs. 1000/T for MS in 1M HCl 

in the absence and presence T-F polymer. 

 

A plot of ln (CR /T) against 1000/T shown in Figure 6(b) which gives straight lines with a slope 

of (-∆H*/R) and an intercept of [(ln(R/Nh)) + (∆S*/R)] to which the values of ∆H* and ∆S*
 
are 

calculated and are given in Table 6. 

The enthalpy and entropy of activation (∆H* and ∆S*) can be calculated by given equation, 
* *

R exp exp
RT S H

C
Nh R RT

    
    

   
                                              (9) 

Where h is Plank constant and N is Avogadro’s number. 

The positive signs of enthalpies (∆H*) reflect the endothermic nature of dissolution process. 

The shift towards positive value of entropies (∆S*) shows a decrease in entropy of the solute and 

increase in entropy of the solvent and disorder increases on going from reactants to the activated 

complex [34-35]. 

 

Table 6. Thermodynamic parameters for mild steel in 1M HCl in absence and presence of T-F 

polymer. 

 

Inhibitor 

concentration(ppm) 

             Ea 

        (kJmol
-1

) 

          ΔH* 

      (kJmol
-1

) 

             ΔS* 

      (Jmol
-1

 K
-1

) 

Blank                                        38.15                35.47 -93.62 

600                                            65.77      63.09         -26.17 
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3.3. Surface characterization by Optical microscopy 

The mild steel surface was examined by Optical microscopy in presence and absence of T-F 

Polymer in 1M HCl and the results are shown in Figure 7. The fine surface of MS after abrading with 

different grade of emery paper is shown in Figure 7(a). The mild steel coupon which was dipped in 1 

M HCl without inhibitor in Figure 7(b) showed corroded areas on its polished surface which do not 

exist on the clear sample. The presence of such regions can be attributed to the dissolution of MS due 

to the surface attack by the aggressive acid solution. The image of MS surface obtained in presence of 

T-F Polymer shows a protected surface area of metal in Figure 7(c). The presence of inhibitor lowers 

the corrosion rate of metal due to adsorption of the same on metal surface which protected the metal 

surface during direct contact with acid solution [36] 

 

  
 

 
 

Figure 7. Optical microscopy of (a) Polished mild steel, (b) mild steel in HCl, (c) mild steel in 1M 

HCl with T-F polymer. 

 

3.4. Mechanism of adsorption and inhibition  

Adsorption of T-F polymer on metal surface depends on parameters such as mode of 

adsorption, active sites on metal surface, planarity of molecules, free lone pairs present on 

heteroatoms, concentration of inhibitor etc. Normally the adsorption of inhibitor on metal surface and 

formation of protective layer to prevent corrosion can be understood by three ways. The first is the 

electrostatic interaction of protonated inhibitor molecules with already adsorbed chloride ions 

(a) (b) 

(c) 
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(physisorption). At lower concentration, protonated molecules get adsorbed on the surface of mild steel 

through electrostatic interaction.  With increasing concentration protonated inhibitor molecules turn to 

neutral molecules due to slower rate of hydrogen evolution having free lone pair electrons and promote 

chemical adsorption. Second way deals with the free lone pairs of heteroatoms and vacant d orbitals of 

Fe of mild steel (chemisorption). Third method is the interaction of d-electrons from Fe of mild steel 

with the vacant orbital of inhibitor molecule (reterodonation) [37-38] as shown in Figure 8.  

The inhibitor molecules having d orbital electrons have both the tendency to donate and to 

accept free electrons and form stable chelates which behave like effective inhibitors. The presence of 

S-atom in the T-F Polymer forms dπ–dπ bond resulting in transfer of 3d-electrons from Fe atom to the 

vacant 3d orbital of S-atom, which enhances adsorption process on metal surface due to strong back 

bonding. The studied polymer has hetero atoms containing long chain, which adsorbed on metal 

surface and form a thick layer to prevent direct contact of metal with aggressive media or to slow 

down corrosion rate of metal [39]. 

 

 
  

Figure 8. Pictorial representation of mechanism of adsorption of T-F polymer on MS surface 

 

 

4. CONCLUSIONS 

1. T-F Polymer acts as good inhibitors for the corrosion of mild steel in 1M HCl. 

2. Potentiodynamic polarization measurements studies show that investigated T-F polymer 

behaves as mixed-type inhibitor. 

3. EIS plots indicated that Rct values increase and Cdl values decrease with increasing T-F 

polymer concentration. 

4. The adsorption of the inhibitor molecules on the mild steel surface was found to obey the 

Langmuir adsorption isotherm. All these data support good inhibition tendency of T-F Polymer. 
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