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Abstract 
The adsorption and inhibition effect of N,N,N- Tributyl-1-butanaminiuiodide(TBAI) on mild 

steel in 1M HCl at 298-328K was studied by potentiodynamic polarization, EIS and Atomic force 

microscopy techniques. The results showed that inhibition efficiency increases with inhibitor 

concentration. The adsorption of N,N,N- Tributyl-1-butanaminiuiodide on mild steel surface 

obeys Langmuir adsorption isotherm equation. Both thermodynamic (Enthalpy of adsorption 

∆Hads, entropy of adsorption ∆Sads& free energy of adsorption ∆Gads) and kinetic parameter 

(Energy of activation Ea, entropy of activation∆S0, enthalpy of activation∆H0) were calculated and 

discussed. Polarization curves showed that the studied inhibitor acted as mixed type inhibitor. 
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Introduction 
Mild steel, an important category of material due to its high technological value 

and wide range of industrial application as structural steel. Owing to its large scale 

usage in industrial and everyday life, the electrochemical properties of mild steel is the 

subject of many studies. The most important problem in this area of research is related 

to the protection of mild steel against corrosion. The corrosion of mild steel and other 

metals is severe in the presence of aggressive environments. Acid solutions are widely 

used in industry, and the most important areas of application being acid pickling, acid 

cleaning and oil well cleaning. Among different corrosion protection methods, use of 

inhibitors is one of the most convenient methods to reduce corrosion rate of metallic 

materials especially in acidic media. 

The inhibitors can modify the dissolution rate of metals in acids, influencing the 

kinetics of the electrochemical reactions which constitute the corrosion process. The 

inhibitors by getting adsorbed on the metal surface, they change the structure of the 

electrical double layer. Many classes of organic compounds exhibit inhibitor properties. 

Among them are some quaternary ammonium salts[1,2,3,4,5], reported that N- alkyl 

quaternary ammonium compounds inhibit the corrosion of steel in acids and the 

effectiveness of the inhibitor increases regularly with an increase in alkyl chain length. 

The same observation was reported by Arab and Noor[6] who studied the inhibition of 

corrosion of mild steel by some S-alkylisothiouronium iodides. They attributed the 
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inhibition of corrosion to the adsorption of positively charged quaternary ammonium 

ions on to the metal surface, accompanied by the co-adsorption of bromide ions with 

the whole compound behaving as a non-ionic compound due to the charge 

neutralization. In the present paper, inhibition efficiency of mild steel in the presence of 

N,N,N- Tributyl-1-butanaminiuiodide (Figure 1) is studied by using Potentiodynamic 

polarization &electrochemical impedance spectroscopy. The surface coverage of the 

inhibitor over mild steel substrate in corrosive environment is also studied using AFM 

and mechanism is discussed based on the intensive corrosion studies. N,N,N- Tributyl-

1-butanaminiuiodide is selected because of its low cost and of its less toxicity and it 

also acts as a phase transfer catalyst. 

 

                                                      
                           Figure 1: Structure of N,N,N- Tributyl-1-butanaminiuiodide 

 

Experimental 
TBAI is dissolved in 1M HCl solution at various concentrations (10-2, 6X10-

3, 4X10-3, 2x10-3 and 10-3M).The solution in the absence of TBAI was taken as blank 

for comparison. Aggressive solution (1MHCl) was prepared by dilution of reagent 

grade 34% HCl with double distilled water. Composition of the mild steel was Fe, 98.7; 

C, 0.223; Mn, 0.505; Si, 0.164; S, 0.05. The cylindrical rod specimen was welded with 

copper wire for electrical connection and embedded in Teflon holder using epoxy resin 

with an exposed area of 1 cm2. Before each experiment, the electrode was first 

mechanically polished with various grades of emery paper (0/0, 2/0, 3/0, 4/0& 6/0) and 

then cleaned with methanol and acetone followed by cleaning with double distilled 

water.  

Electrochemical experiment 

Electrochemical experiments were performed in a conventional three electrode 

cell, mild steel welded with copper wire and embedded in Teflon holder using epoxy 

resin with an exposed area of 1 cm2 as working electrode, a platinum foil of 1cm2 was 

used as counter electrode & the reference electrode was a saturated calomel electrode 

(SCE) with a Luggin capillary. All potentials are measured with respect to the SCE. 

Measurements were performed using electrochemical work station CHI 660C model.  

Potentiodynamic polarization curves were obtained by scanning the potential 

range from -200mv + Ecorr to +200 mv + Ecorr at a scan rate of 10mv/s after 1h 

immersion time in 1M HCl and 1M HCl containing various concentration of inhibitors. 
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 Electrochemical impedance measurements were carried out at open circuit 
potential over a frequency range of 0.01Hz – 100 KHz. The sinusoidal potential 
perturbation was 10mv in amplitude. Electrochemical data were obtained after 1h of 
immersion with the working electrode at the rest potential & all tests have been 
performed in non-deaerated solutions under stirred conditions. 

Potentiodynamic polarization curves were also obtained at different 
temperatures to calculate the activation energy of the inhibitor adsorption to mild steel 
surface. 

Surface Analysis 
The mild steel strips of 2cm x 1cm sizes were prepared. After immersion in 1M 

HCl without and with addition of 6 x 10-3M studied inhibitor at 298K for 3h. The 
specimen was cleaned with distilled water, dried and then used for AFM. 
Results and discussion: 
Potentiodynamic (Tafel) polarization measurement 

The obtained Tafelpolarization curves for mild steel at various concentrations of 
TBAI and at different temperatures are shown in figure 2. Electrochemical kinetics 
parameters i.e, corrosion potential(Ecorr),Cathodic and anodic Tafel slope(ba&bc) and 
corrosion current density (icorr), obtained by extrapolation of the tafel lines, are 
presented in table1. The inhibition efficiencies are also given in table1.  

 

a                                                          b 

 

c                                                          d 

Figure 2:  Typical Tafel plots of MS in 1MHCl in presence and absence of different 
concentration of  TBAI at    a) 250c    b) 350c    c) 450c       d) 550c  
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Table 1: Polarization parameters for mild steel in 1M HCl with various concentrations 
of TBAI at different temperatures. 

Temperature(K) Concentration(M) Ecorr(mV/cm2) ba(mV/dec) bc(mV/dec) Icorr(µA/cm2) IE1(%) 
298 Blank -502.1 151.7 130.2 2640  
 10-3 -475.1 123.5 125.6 766.8 70.9 
 2 x 10-3 -475.5 108.9 132.9 495.8 81.2 
 4 x 10-3 -476.5 117.8 132.4 405.5 84.6 
 6 x 10-3 -481.6 129.5 135.4 334.1 87.3 
 10-2 -481.6 148.9 171.3 357.6 86.4 
       
308 Blank -501.8 178.8 158.7 6354  
 10-3 -482.3 125.9 128.2 1345 78.8 
 2 x 10-3 -485.2 122.6 122.6 849.9 86.6 
 4 x 10-3 -483.2 134.7 133.1 612.7 90.3 
 6 x 10-3 -484.1 150.9 150.7 563.5 91.1 
 10-2 -471.3 149.2 160.9 613.4 90.3 
       
318 Blank -500.5 200.9 189.5 14130  
 10-3 -481.5 134.7 129.7 2384 83.1 
 2 x 10-3 -481.1 114.6 125.7 1402 90.0 
 4 x 10-3 -490.7 139.7 130.3 971.3 93.1 
 6 x 10-3 -486.9 147.9 129.8 815.8 94.2 
 10-2 -489.7 143.2 140.7 887.8 93.7 
       
328 Blank -494.8 201.7 206.2 26620  
 10-3 -477.3 147.0 139.4 4522 83.0 
 2 x 10-3 -484.3 121.5 129.5 1949 92.68 
 4 x 10-3 -490.7 146.9 139.9 1358 94.9 
 6 x 10-3 -491.0 151.2 125.9 1278 95.0 
 10-2 -497.0 177.6 151.7 1138 95.7 

 

The inhibition efficiencies of the inhibitor have been calculated using equation 1: 

IE1 (%)                                        (1) 

where is the corrosion current density in the presence of inhibitor& is 

thecorrosion current density in the absence of inhibitor. Ecorr values of inhibited and 

uninhibited solution do not vary significantly which shows that the addition of studied 

TBAI affected both anodic and cathodic reactions suggesting that TBAI is a mixed type 

inhibitor.[7,8] 

Impedance spectroscopy 

Impedance data in the form of Nyquist plots of mild steel at the open circuit 

potential in 1M HCl without and with inhibitor are presented in figure 3.  
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Figure 3: Nyquist plots of MS in 1MHCl in the presence and absence of different 
concentration of TBAI at 250c 

Figure 4(a) and 4(b) shows the equivalent circuit design used to fit the 

experimental data of EIS for 1M HCl in the absence and presence of inhibitor. The 

circuit elements for the obtained data include a solution resistance (Rs), a constant 

phase element (CPEdl) and a charge transfer resistance (Rct). The value of Rct 

isindicative of electron transfer across the interface. Rad in parallel with a CPEad was 

used as a model for inhibitor adsorption. The fitted values were comparable to those 

obtained in the polarization study. 

 

Figure 4: The equivalent circuit model used to fit the impedance data for mild steel in 
the absence (a) and in the presence (b) of TBAI.RS, solution resistance; Rct, Charge-
transfer resistance; (CPE)dl, constant phase element of the double layer; (CPE)ad, 
Constant phase element of the adsorbed layer 
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The impedance of a CPE is described by the equation 

  =                                     (2) 

where y is a proportional factor, i is √-1, ω is 2πf and n has the meaning of a phase 

shift, n is a factor satisfying the condition 0≤ n ≤ 1. The fitted data follows almost the 

same pattern as the experimental results with R(Q(R(QR))) equivalent circuit using the 

software ZsimpWin.The characteristic parameters associated to EIS are given in table 

2. The values of Ydl decreases when the inhibitor get adsorbed on the metal surface, 

suggesting the inhibitor molecules displace the water molecules and other ions 

originally adsorbed on the metal surface. The values of ndl related to (CPE)dl are found 

in the 0.76-0.9 interval indicating the electrode surface are partially heterogeneous[9]. 

Table 2: Impedance data for mild steel in 1M HCl for various TBAI concentrations at 250c 
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10-3 8.94  0.7591  10.8
4  

205.3  25.80  0.7661  44.31  1330.6  77.5 

2 x 10-3 25.46  0.579  11.7
5  

198.4  8.32  0.9341  67.33  678.9  85.2 

4 x 10-3 25.48  0.5653  13.1
2  

186.8  8.44  0.9007  96.59  640.5  89.7 

6 x 10-3 34.58  0.4974  15.1
3  

175.4  7.19  0.9169  114.6  574.2  91.2 

10-2 57.86  0.4855  7.05  194.9  8.22  0.9063  96.37  632.6  89.6 
 

Inhibition efficiency is also calculated from the Nyquist plots by using the 

equation 3; 

 

%                                                (3) 

 

where Rct& R0
ct are the charge transfer resistance of mild steel with & without inhibitor 

molecules. 

The double layer capacitance Cdl was calculated by the following equation 

 

 =                                          (4) 

Table.2 indicates that the charge transfer resistance (Rct) and Adsorption 

resistance(Ra) increases with increasing Inhibitor concentration except at 10-2M. At this 

concentration Rct decreases due to precipitation of the inhibitor takes place. When the 

inhibitor concentration increases, Cdl values tend to decrease. It can be attributed to 

the decrease in local dielectric constant or increase in thickness of surface film layer by 
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the adsorption of the inhibitor molecules on the metal solution interface. According to 

the expression of the layer capacitance presented in the Helmholtz model. 

                                     (5) 

where d is the thickness of the surface film, A is the surface area of the electrode, ε0the 

permittivity of the air, and ε is the local dielectric constant. All the Nyquist plots 

obtained were semicircle in nature and the diameter of the semicircles were changed 

with change in inhibitor concentration. It is clear from these plots that the impedance 

response of MS in uninhibited HCl has significantly changed after the addition of TBAI 

into the corrosive solutions. 

Effect of inhibitors on the activation parameters of the corrosion process: 

Activation parameters such as activation energy Ea, enthalpy of activation 

∆H0and entropy of activation ∆S0 were calculated between the temperature 298 – 

328K from an Arrhenius type eq. (6) and the transition state eq.(7) [10,11] 

                                                (6) 

where is the corrosion current density, A is the Arrhenius constant, Ea is the 

activation energy and R is the universal gas constant. 

 exp exp                        (7) 

where N is Avogadro’s constant, h is planck’s constant,  is the change in entropy of 

activation and  is the change in enthalpy of activation.Plots of ln  vs 1/T and 

log  vs 1/T gave straight lines with slopes of and 
.

respectively. The 

intercepts were A and  log  
.

 for the Arrhenius and transition state 

equations respectively. 

Figure (5) and (6) represents the data plots of  vs 1/T and  vs 1/T 

in the absence and presence of various concentrations of TBAI. The calculated values 

of activation parameters are tabulated in table 3. 

Table 3: Corrosion kinetic parameters for mild steel in 1M HCl in the absence and 

presence of different concentrations of TBAI. 

Concentration(M) A Ea(kJ/mol)       ∆H0(kJ/mol)     ∆S0(J/mol/K-1) 
Blank                          6.94x107 64.28 53.35 -115.89 
10-3 2.12x105 49.00 39.76 -172.00 
2 x 10-3 2.08x103 38.30 30.94 -204.64 
4 x 10-3 2.95x102 33.98 26.99 -219.73 
6 x 10-3 6.84x102 36.54 29.32 -213.45 
10-2 1.23x102 31.95 30.31 -209.60 
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Figure 5: Arrhenius plots for mild steel in 1M HCl without and with various 
concentrations of  TBAI. 
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Figure 6: Transition state plots for MS in 1M HCl without and with various 
concentrations of TBAI 

The decrease in the activation energy in the presence of TBAI can be attributed 

to its chemisorptions on the steel surface[12]. The pre exponential factor (A) in the 

Arrhenius equation is related to the number of active centers[13] on the other hand if 

energetic heterogeneity is assumed, these active centers have different energy. There 

are two possibilities: in the first case[Ea, inh>EaHCl] the inhibitor is adsorbed on the 
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most active adsorption sites(having lowest energy) and the corrosion process takes 

place predominantly on the active sites of higher energy. In the second case 

[Ea,inh<EaHCl] the values of A are lower than that in pure HCl, i.e a smaller number of 

more active sites remain uncovered which take part in the corrosion process. The 

results of table.3 showthat value of Ea and A show the same trend. These results 

indicate that in the presence of TBAI, the values of A are less than that in 1M HCl. This 

means that the adsorption of the inhibitor results in less number but more active sites 

which participate in further corrosion process and determine its apparent activation 

energy.  

From table 3 it is seen that Ea decreases in presence of the inhibitor compared 

to the blank which may be attributed to an appreciable increase in adsorption process 

of the inhibitor on the metal surface with rise in temperature. The positive sign of the 

enthalpies  reflect the endothermic nature of the steel dissolution process and the 

dissolution of steel is difficult. The negative values of  in the inhibited and 

uninhibited system imply that the activation complex in the rate determining step 

represents association rather than dissociation step, which means that a decrease in 

disorder takes place on going from reactant to the activated complex[14]. 

 Adsorption isotherm and Thermodynamic parameters 

Several adsorption isotherms were studied and Langmuir adsorption isotherm 

given as equation (8) was found to be closest to the description of the adsorption 

behavior of the studied inhibitor: 
 
Ѳ

                                   (8) 

Where C is the inhibitor concentration and K is equilibrium constant of adsorption, 

which is related to standard free energy of adsorption ∆G0
ads by: 

.
exp )                           (9) 

Figure 7 shows the dependence of C/Ѳ as a function of C. From the intercepts, 

the values of K and ∆G0
ads are calculated and are given in the table 4. Table. 4 shows 

that all the linear correlation coefficients ( R ) are almost equal to 1 and all the slopes 

are very close to 1, which indicates the adsorption of inhibitor onto the steel surface 

obeys Langmuir adsorption isotherm. The negative values of ∆G0
ads along with high K 

indicate a spontaneous adsorption process. Magnitudes of K & ∆G0
ads values confirm 

that TBAI is adsorbed on the metal surface at all temperatures.  

Table 4: Data obtained from the Langmuir adsorption isotherm for mild steel in 1M HCl 
at the temperature range of 298K -328K. 

Temperature(K)        R Slope ∆Gads(kJmol-1) ∆Hads(kJmol-1) ∆Sads(Jmol-1K-1) 
298 0.9998 1.1286 -30.9 31.5 209.4 
308 0.9999 1.0878 -33.3 31.5 210.4 
318 0.9999 1.0521 -34.7 31.5 208.2 
328 0.9999 1.0238 -33.9 31.5 199.4 
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Figure 7: Langmuir adsorption isotherms 

 

Thermodynamically, ∆Gadsie related to the enthalpy (∆Hads) and entropy of the 

adsorption (∆Sads) process by the equation 10. 

∆Gads = ∆Hads - T ∆Sads                                   (10) 

The Langmuir adsorption isotherm, however, can be expressed by equation 11. [15,16] 

log Ѳ
Ѳ

 
.

 (11) 

where A is a constant, and is the heat of adsorption equal to enthalpy of 

adsorption (∆Hads) as a good approximation at constant pressure. If log Ѳ
Ѳ

 is plotted 

against 1/T at various concentrations (Figure 8), the slopes of thelinear part of these 

curves is ( 
.

). The average values of  is given in Table 4. Was 

positive, the adsorption of inhibitor molecules on the mild steel surface was an 

endothermic process (chemisorptions).The entropy of inhibitor adsorption  ) was 

calculated by eq.10 and is reported in Table4. The positive values of means that 

the process is accompanied by an increase in entropy, which is the driving force for the 

adsorption of inhibitor onto the mild steel surface[17,18]. 
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Figure 8: Plot of  log Ѳ
Ѳ
)  vs. 1/T for mild steel in 1M HCl solution containing 

different concentration of TBAI.  

Atomic force microscope (AFM) surface examination 

Surface morphology of the polished mild steel and mild steel in 1M HCl in 

absence and presence of inhibitor were investigated through atomic force microscopy 

(AFM) technique. The results are shown in figure 9 (a-c).The average roughness of 

polished mild steel (Figure 9a) and mild steel in 1M HCl without inhibitor (Figure 9b) 

was calculated as 41nm and 785nm. It is clearly shown in figure 9b that mild steel 

sample is getting cracks due to the acid attack. However, in presence of optimum 

concentration of inhibitor (Figure 9c) the average roughness was reduced to 

108nm.Thus it can be concluded that corrosion was strongly inhibited when TBAI was 

present in acid medium. 
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(a)      (b) 

 
(c) 

Figure 9: Atomic force micrographs of mild steel surface (a) Polished mild steel (b) 

Mild steel in 1M HCl (c) Inhibited mild steel (1M HCl + 6 x 10-3M) 
 

Mechanism of adsorption: 

 In hydrochloric acid solution the following mechanism is proposed for the 

corrosion of mild steel [19]. 

The anodic dissociation of mild steel is: 

Fe + Cl-1 → (FeCl-1)ads 

(FeCl-1)ads ↔ (FeCl)ads + e-1 

 (FeCl)ads → (FeCl+)+ e-1 

(FeCl+) ↔ Fe+2 + Cl-1 

The cathodic hydrogen evolution mechanism is: 

Fe + H+ ↔ (FeH+)ads 

(FeH+)ads + e-1 → (FeH)ads 

(FeH+)ads + e-1 + H+ → Fe + H2 

Generally corrosion inhibition mechanism in acidic medium is due to the 

adsorption of the inhibitor onto the metal surface.The process of adsorption is 
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influenced by the nature and charge of the metal, chemical structure of the inhibitor 

and the type of aggressive electrolyte. The charge of the metal surface can be 

determined from the potential of zero charge (PZC) on the correlative scale (Øc) [20] by 

the equation 12 

Øc = Ecorr – Eq=0                                         (12) 

where Eq=0 is the potential of the zero charge. However, a value obtained in HCl is -

502.1 mv vs SCE. 

Banerijee and Mallhotra [21] reported the PZC of mild steel in HCl solution is -

530mv VS SCE. Therefore the value of Øc is +27.9mv VS SCE, so the mild steel 

surface acquires slight positive charge. Furthermore TBAI may chemisorb at steel / 

solution interface via chemical bond between positively charged nitrogen atoms and 

negatively charged mild steel surface as follows: In strong acid solution, TBAI as a 

cationic surfactant, ionizes and carry a positive charge. As Steel surface is positively 

charged in presence of HCl medium, while Bromide ion is negatively charged, as a 

result the specific adsorption of bromide ion occurs onto mild steel surface, causing 

negatively charged surface of steel. By means of electrostatic attraction, Quaternary 

ammonium cation easily reaches mild steel surface, so bromide ion acts as an 

adsorption mediator for bonding metal surface and TBAI. This gives rise to the 

formation of an adsorption composite film in which Br-1 ion are sandwiched between 

metal and positively charged part of inhibitor. This film acts as a barrier facing 

corrosion process. 

Conclusion  
 The results proved that TBAI showed good corrosion inhibition for mild steel in 

1M HCl solution.  

 TBAI is a mixed type inhibitor because both anodic and cathodic curves 

decreased but corrosion potential remained constant.  

 The percentage inhibition increases with inhibitor concentration (except at 10-

2M) and increase in temperature.  

 The adsorption of the inhibitor molecules on mild steel surface obeys Langmuir 

adsorption isotherm.  

 Thermodynamic parameters indicated that the adsorption is spontaneous and 

endothermic process. 
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