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Abstract  Potentiodynamic polarization, electrochemical impedance spectroscopy, SEM study and EDX analysis have 
been used to investigate effect of Tween-80 surfactant on the corrosion resistance, porosity, structure and composition of 
Zn-phosphate coat on steel. Electrochemical results indicated that the presence of 0.01M Tween-80 in the coating solution 
caused a decrease in the porosity and an increase of the protection efficiency of the coat up to 90%. The results proved that 
the coating process was controlled by adsorption of the surfactant molecules on the steel surface. Application of the 
adsorption isotherms and Kinetic-Thermodynamic model to fit the experimental data indicated that Langmuir isotherm is 
not applicable, however, Flory-Huggins isotherm and Kinetic-Thermodynamic model are applicable, and Tween-80 is 
chemisorbed on the steel surface. SEM study and EDX analysis gave very good support to the electrochemical data.  
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1. Introduction 
Due to its excellent strength, low-cost, ability to be 

recycled, and good mechanical workability, steel is one of 
alloys are inevitable in our day to day life. Steels have a 
major disadvantage in that they tend to corrode [1]. 

Corrosion can be prevented using several ways. Control 
of corrosion through the use of conversion coatings, is the 
most effective method and used in a wider range of 
applications [2-6]. Conversion coatings can be attained by 
electrochemical or chemical reaction at the steel/solution 
interface to form a protective film, which is more resistant 
to corrosion than the original metal [6].  

Phosphating is one of the most widely coating processes 
for ferrous and nonferrous metals. Due to its low coast, easy 
mass production, and afford adhesion, lubricative properties, 
wear resistance and excellent corrosion resistance, it is 
widely used in the automobile, process and appliance 
industries [7]. Due to the high toxicity of chromate 
conversion coatings, Phosphate conversion coatings have 
been good alternative. There are several types of phosphate 
conversion coatings on steel [8].  

Surfactants are found in a multitude of domains, and a 
part of daily lives [9]. Due to the ability of the surfactants to 
adsorb on the surfaces, they should be effective corrosion 
inhibitors.  The surfactant inhibitors have many advantages  
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such as easy production, lower toxicity, lower price and 
high inhibition efficiency [10]. The inhibition 
characteristics of three novel synthesized amido-amine 
double tailed cationic surfactants [11] and cetyltrimethyl 
ammonium bromide surfactant [12] have been investigated 
in our laboratory. Mass loss, potentiodynamic polarization 
and electrochemical impedance spectroscopy techniques 
were used to determine the efficiency of these surfactants in 
the inhibition of the acidic corrosion of steel. 
Thermodynamics of the adsorption of these surfactants and 
their effects on the kinetics of the dissolution reaction of 
steel in acid solutions have been discussed.  

Surfactants have a great influence on the growth of 
crystals and have the ability to alter crystallization kinetic 
[13]. This property can be effectively used to produce 
coatings with desirable properties. Recently, we studied the 
effect of Tween-80 surfactant on the electropolymerization 
and corrosion performance of polyaniline on carbon steel 
[14]. It has been found that the presence of Tween-80 in the 
polymerization medium inhibited the oxidation of each of 
steel and aniline, and the inhibition of the oxidation of steel 
was controlled by adsorption of the surfactant molecules at 
the steel/solution interface. Results obtained from the 
electrochemical techniques indicated that the protection 
efficiency of the polyaniline coat to the corrosion of steel in 
0.5M H2SO4 increase to about 80% in presence of 0.025M 
Tween-80. 

In this work, we studied the effect of Tween-80 on the 
process of Zinc-Phosphate Coating of steel. Porosity of the 
coat layer and its corrosion resistance in 0.6M NH4NO3 
solution were determined using potentiodynamic 
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polarization and electrochemical impedance spectroscopy 
(EIS) techniques. SEM studies and EDX analysis were also 
used to investigate the porosity, structure and composition of 
the coat. Thermodynamics of the adsorption of Tween-80 on 
the steel surface and its role in coating process has been 
also discussed.  

2. Experimental 
2.1. Materials and Solutions 

The stock solutions were prepared from analytical grade 
reagents and distilled water: 85% H3PO4, ZnO, NaNO2, and 
NH4NO3 was purchased from Aldrich chemicals. Tween-80 
(Figure 1) was obtained from Alpha Chemika with density 
1.08 g/ml.  

To prepare the conversion coating solution, 0.75g of ZnO, 
1g of NaNO2 and 2 ml H3PO4 dissolved in certain volume of 
double distilled water and Tween-80 solution to give the 
required concentration of the surfactant. 

 

Figure 1.  Chemical structure of Tween-80 surfactant 

2.2. Application of Conversion Coating 

The steel sample was wet hand-polished using different 
grade emery papers 100, 320, 400, 800 and 1000 grit finishes 
starting with a coarse one and proceeding in steps to the fine 
grit up to a mirror finish, washed thoroughly with 
double-distilled water, then pickled, the electrode was 
immersed for 30 sec in ethanol for degreasing then 30 sec in 
2M NaOH solution (Soda pickling) and subsequently rinsed 
with distilled water for 15 sec. Just before application of 
conversion coating, electrode was pickled with (85%) 
phosphoric acid at (temperature 40-50°C) and rinsed with 
distilled water. Then, the electrode was suspended by rotator 
(60 rotates per min.) in beaker containing 100 ml of the 
conversion coating solution for 30 min., and finally dried by 
air. Each experiment was carried out with newly polished, 
pickled electrode, and conversion coating solution. 

2.3. Electrochemical Measurements 
Electrochemical measurements were recorded using 

frequency response analyzer (FRA)/potentiostat supplied 
from Parstat Instrument (PARSTAT 2263.02 SN 194). The 
frequency range for EIS measurements was 1.0 × 104 to 0.1 
Hz with applied potential signal amplitude of 10 mV around 
the rest potential. The electrochemical corrosion studies in 

0.6M NH4NO3 solution were carried out using a three- 
electrode mode cell and bare or chemically treated steel has 
the chemical composition as given in our previous work [12]. 

The working electrode was introduced into the test 
solution before polarization and EIS measurements and left 
for 10 min to attain the rest potential at which the change of 
potential with time is 2 mV/min, i.e., the system had been 
stabilized. The polarization curve measurements were 
obtained at scan rate of 20 mV/min starting from cathodic 
potential (Ecorr -300 mV) going to anodic direction. All the 
measurements were done at 30.0 ± 0.1°C under static 
conditions in solutions open to the atmosphere. In order to 
test the measurements reproducibility and reliability, 
duplicate experiments were performed in each case of the 
same conditions. 

2.4. Scanning Electron Microscope (SEM) and Energy 
Dispersive X-ray Spectrometer (EDS) 

A JOEL scanning electron microscope instrument was 
employed to characterize the surface morphology of the free 
and coated steel samples. The elemental composition of 
Zn-phosphate coat was analyzed by energy dispersive X-ray 
spectrometer (EDS, JEM-2100, Japan).  

3. Results and Discussion 
3.1. Potentiodynamic Polarization Results 

Polarization curves of Zn-Phosphated Steel in 0.6 M 
NH4NO3 in solution containing different amounts of 
Tween-80 surfactant are presented in Figure 2. As seen from 
the figure, addition of the surfactant leads to the polarization 
of both the cathodic and the anodic curves. 

Table 1 shows the electrochemical polarization 
parameters, corrosion potential (Ecorr), anodic and cathodic 
Tafel line slopes (βa, and βc) and corrosion current density 
(icorr) for Zn-Phosphated Steel in 0.6 M NH4NO3 in absence 
and presence of different concentrations of Tween-80. The 
corrosion potential Ecorr shifts to more cathodic values with 
increasing the concentration of the surfactant. The value of βc 
is nearly constant and independent on the addition of the 
surfactant, while the value of βa decreases remarkably with 
increasing the surfactant concentration. The data revealed 
also that, the corrosion current density that is directly 
proportional to corrosion rate decreases with increasing the 
Tween-80 concentration. The table shows also the protection 
efficiency of the coat which can be calculated using the 
equation (1). 

% P = [(io – i) / io] x100           (1) 
Where io and i are the corrosion current density, in absence 

and presence of the Tween-80 surfactant.  
The data in Table 1 shows that the protection efficiency of 

Zn-Phosphated coat increases up to 90% in presence of 
0.01M Tween-80. 
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Figure 2.  Polarization curves of Zn-Phosphated Steel in 0.6 M NH4NO3 solution in absence and presence of different concentrations of Tween-80 

 

Figure 3.  Nyquist plots of bare steel and Zn-Phosphated steel in 0.6 M NH4NO3 solution in absence and presence of different concentrations of Tween-80 

3.2. Electrochemical Impedance Spectroscopy (EIS) 
Results  

Nyquist impedance plots of bare steel and Zn-Phosphated 
Steel in 0.6 M NH4NO3, in solution containing different 
amounts of Tween-80 are presented in Figure 3. The plots 
consist of distorted semicircles followed by diffusion tail 

indicative that the corrosion process takes place under 
diffusion control. The increase in the size of the semicircle in 
presence of the Tween-80 indicates that the phosphate coat 
gradually forms on the steel surface. 

The impedance spectra were analyzed by fitting the 
experimental data to the equivalent circuit model shown in 
Figure 4 as given in our previous work [15].  
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Table 1.  The potentiodynamic polarization parameters for Zn-Phosphated 
steel in 0.6 M NH4NO3 solution in absence and presence of different 
concentrations of Tween-80 

Conc. 
(mole/L) 

-Ecorr. 
(mV vs. 
SCE) 

βa -βc icorr. 
(µA/cm2) 

%P 
(mV.decade-1) 

0.0 641 168 141 15.05 0.0 

1x10-5 646 146 140 6.05 59.7 

5x10-5 654 134 146 4.26 71.6 

1x10-4 662 126 182 3.54 76.4 

5x10-4 670 117 144 3.22 78.5 

1x10-3 675 109 138 2.45 83.6 

5x10-3 680 101 141 1.97 86.9 

1x10-2 686 89 162 1.43 90.5 

 

Figure 4.  Schematic for the equivalent circuit of coated steel 

The data presented in Table 2 show that in presence of 
higher concentrations of the surfactant the charge transfer 
resistance increase and the double layer capacity decrease. 
Increasing Rct values with the concentration of the surfactant, 
suggesting decrease of the corrosion rate since the Rct value, 
is a measure of electron transfer across the surface, and 
inversely proportional to the corrosion rate. The decrease in 
the Qdl values could be attributed to the adsorption of 
Tween-80 at the metal surface [16]. The protection 
efficiency of the coat (% P) was calculated from the 
impedance measurements using the relation: 

%P =[(Rct 
–Rct

o) / Rct] x 100         (2) 
Where Rct and Rct

o are the charge transfer resistances, in 
presence and absence of Tween-80 respectively.  

Figure 5 shows the variation of the protection efficiency of 
Zn-Phosphate coat calculated from the results of polarization 
and impedance with concentration of Tween-80 in 0.6 M 
NH4NO3. These curves show initial steeply rising part 

adsorption isotherm which indicates a mono-layer adsorbate 
film formation on the steel surface. The figure shows a 
considerable agreement between the data obtained from 
impedance and polarization techniques.  

3.3. Application of Adsorption Isotherms 

Adsorption of the adsorbate molecules at the metal surface 
was considered as simple replacement process, in which an 
surface active molecule from the bulk solution replace water 
molecule adsorbed on the metal surface, viz. 

I(aq) + x(H2O)sur → I(Sur) + x(H2O)aq      (3) 
The degree of surface coverage (θ) of the metal surface by 

an adsorbed Tween-80 was calculated from impedance from 
the equation: 

θ = (Rct 
–Rct

o) / Rct.             (4) 
Langmuir, Flory Huggins isotherms [17] and 

Kinetic-Thermodynamic model [18] were used to fit the 
adsorption data of the Tween-80. 

The Langmuir isotherm is given by  
[θ/(1-θ)] = K[C]              (5) 

Where K is the binding constant representing the 
interaction of the additives with metal surface and C is the 
concentration of the additives.  

Flory-Huggins isotherm is given by  
θ/[x(1-θ)x] = K[C]             (6) 

Where x is the size parameter and is a measure of the 
number of adsorbed water molecules substituted by a given 
Tween-80 molecule. 

And the Kinetic-Thermodynamic model is given by 
log[θ/(1-θ)] = logK' +ylogC          (7) 

Where y is the number of Tween-80 molecules occupying 
one active site. The binding constant K is given by: 

K = K'(1/y)                  (8) 
Figures (6-8) show the application of the above mentioned 

models to the data of Tween-80 obtained from impedance 
measurements for Zn-Phosphated Steel surface. The 
parameters obtained from the Figures are depicted in Table 
3. 

Table 2.  Electrochemical impedance parameters of Zn-Phosphated steel in 0.6 M NH4NO3 solution in absence and presence of different concentrations of 
Tween-80 

Conc., 
(mol./L) Rs 

Qf 
(µF.cm-1) 

N1 
Rp 

(Ohm.cm2) 
Rct 

(Ohm.cm2) 
Qdl 

(µF.cm-1) 
n2 

R2 
(Ohm.cm2) 

Q3 
(µF.cm-1) 

n3 % P 

0.0 1.2 47 0.9 133 127 1210 0.6 233 4420 0.6 0.0 

1x10-5 1.1 45 0.9 139 268 951 0.6 389 4387 0.4 52.6 

5x10-5 1.0 43 0.9 147 371 815 0.6 488 4300 0.6 65.7 

1x10-4 1.3 41 0.9 158 483 752 0.6 563 4215 0.4 73.7 

5x10-4 1.2 39 0.9 188 632 715 0.6 970 3861 0.5 79.9 

1x10-3 1.0 37 0.9 237 994 678 0.6 1005 3742 0.4 87.2 

5x10-3 1.0 33 0.9 264 1231 542 0.6 1150 3627 0.5 89.6 

1x10-2 1.2 30 0.9 271 1315 489 0.6 1195 3574 0.6 90.3 
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Figure 5.  Variation of the protection efficiency of Zn-Phosphate coat with 
concentration of Tween-80 in 0.6 M NH4NO3 solution 

 

Figure 6.  Linear fitting of the data of Tween-80 to Langmuir isotherm for 
Zn-Phosphated Steel 

 

Figure 7.  Linear fitting of the data of Tween-80 to Flory Huggins isotherm 
for Zn-Phosphated Steel 

 

Figure 8.  Linear fitting of the data of Tween-80 to 
Kinetic-Thermodynamic model for Zn-Phosphated Steel 

Table 3.  Linear fitting parameters of the data of Tween-80 to the used 
models 

Langmuir Kinetic-Thermodynamic Flory-Huggins 

K K 1/y K x 

-- 9.6*105 3.1 2.2*105 3.6 

It is clear that Langmuir isotherm is incompetent to fit the 
data indicating that the adsorption process of Tween-80 on 
steel surface is non ideal [19]. On the other hand, 
Flory-Huggins isotherm and Kinetic-thermodynamic model 
are found to be applicable. The values of the size parameter x 
and the number of active sites occupied by a single 
Tween-80 molecules 1/y indicated that each molecule 
displaces three adsorbed water molecules and occupies three 
active sites. The magnitude of its binding constant K 
represents the efficiency of the adsorbate [20]. Hence, 
according to the numerical values of K obtained from 
Flory-Huggins or Kinetic-thermodynamic model, there is a 
strong adsorption of Tween-80 on steel surface.  

The binding constant K is related to the standard free 
energy of adsorption ΔG◦

ads according to the following 
equation [21-23]:  

K = 1/55.5 exp (-ΔG◦
ads /RT)        (9) 

Where; R is the universal gas constant, T is the absolute 
temperature, the value 55.5 is the concentration of water in 
solution expressed in mol/L.  

Values of ΔG◦
ads approximately -20 kJ/mol or lower 

indicates an electronic interaction between the surface active 
molecule and the metal surface (physisorption), and values 
higher than -40 kJ/mol correspond to charge sharing to the 
metal surface to form a coordinate bond (chemisorption) 
[24].  

The value of K equal 9.6 x 105 obtained from 
Kinetic-Thermodynamic model gives ΔG◦

ads equals -44.82 
kJ/mol, which indicates that Tween-80 is chemically 
adsorbed on the steel surface. 
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3.4. Porosity of Coat  

Phosphate conversion coating is mainly composed of 
insulating hopeites; the pores in the coat are generally 
regarded as the exposed area of the substrate. On the 
assumption that at low anodic overpotentials the coating is 
electrochemically inert, Elsener et al [25] suggested a 
method to estimate the porosity of thin films from the 
electrochemical data using equation 10.  

% Porosity = [(Rps / Rp) 10-(∆Ecorr / βa)] x100     (10) 
Where Rps and Rp are the polarization resistances of the 

bare and coated samples, respectively. ∆Ecorr is the difference 
between the corrosion potentials of these samples. βa is 
referred to slope of the anodic Tafel line derived from the 
polarization curves.  

Several authors [26-30] used this equation successfully to 
estimate the porosity of different coats on metal surfaces. 
The porosity values of the Zn-phosphate coat on the steel 
surface in absence and presence of different concentrations 
of Tween-80 during the coating process were calculated 
using the electrochemical data presented in Tables 1 and 2 
and summarized in Table 4. 

Variation of the porosity of Zn-phosphate coat with the 
concentration of Tween-80 is presented in Figure 9. It is 
clear that, in presence of low concentrations of the surfactant, 
porosity of the coat sharply decreases with increasing the 
concentration of Tween-80 until ~ 0.001 mole/L. However, 
the presence of higher concentrations of the surfactant has a 
slight effect on the porosity of the coat, this behaviour can be 
discussed on the basis that the conversion coating process is 
probably controlled by the adsorption of the surfactant 
molecules on the steel surface. In presence of low 
concentrations of the surfactant the surface coverage of the 
steel surface with Tween-80 molecules increases sharply 
with the concentration of the surfactant until ~ 0.001 mole/L, 
the concentration corresponds to the plateau of the Langmuir 
isotherm (Figure 6). At this point there is a saturation of steel 
surface and complete formation of the first layer of the 
adsorbed Tween-80 molecules. 

Table 4.  The electrochemical parameters used in determination of the 
porosity of Zn-phosphate coat on steel in absence and presence of different 
concentrations of Tween-80 

Conc., mol/L 
-Ecorr. 

(mV vs. 
SCE) 

βa 
(mV.decade-1) 

Rp % 
Porosity 

0.0 
(Bare metal) 

698 182 21 -- 

0.0 
(coated metal) 

641 168 133 49.2 

1x10-5 646 146 139 34.2 
5x10-5 654 134 147 30.4 
1x10-4 662 126 158 25.7 
5x10-4 670 117 188 19.4 
1x10-3 675 109 237 14.4 
5x10-3 680 101 264 12.0 
1x10-2 686 89 271 10.5 

The reduction in porosity and increase in corrosion 
resistance of Zn-phosphate coat on steel due to the presence 
of Tween-80 during the coating process can be discussed on 
the basis of the ability of this long-chain surfactant to form 
films over the steel surface helps to seal the pores effectively, 
causing low moisture permeability and high corrosion 
resistance properties. 

 

Figure 9.  Variation of the porosity of Zn-Phosphate coat with 
concentration of Tween-80 

3.5. SEM Study and EDX Analysis 

Figure 10 shows the SEM photographs of: A) bare steel, B) 
Converted coated steel, C, D, E) Converted coated steel in 
presence of 5*10-4 M, 1*10-3M and 1*10-2 M Tween-80 
respectively. It is clear that in the absence of Tween-80 
during the coating process (B) the exposed area of the steel 
surface i.e. the porosity of the coat is large. On adding 
increasing amount of Tween-80 during the coating process 
(C, D, E), the porosity of the coat decreases and the coat 
layer becomes more thick and compact. 

The EDX analysis of the above five steel samples are 
given in Figure 11 and the results are summarized and 
presented in Figure 12. The last Figure shows the variation of 
wt% of each of P, Zn, and C elements with the concentration 
of Tween-80. The results indicating the followings: (1) 
Carbon is present in the coat and its percent increases with 
increasing the Tween-80 concentration which means that the 
Zn-phosphate conversion coat contains the surfactant., (2) 
Percent of each of Zn and P in the coat increases also with 
increasing the concentration of Tween-80 which indicates 
that the covered area of steel surface with the coat increases, 
while the porosity of the coat decreases with increasing the 
concentration of Tween-80., and (3) Dependence of the 
percent of the three elements on the concentration of 
Tween-80 shows a plateau similar to that of Langmuir 
isotherm indicating that adsorption of the surfactant 
molecules at the steel surface controls the coating process. It 
is clear that SEM studies and EDX analysis of Zn-phosphate 
coat on the steel surface gave very good support to the 
electrochemical data. 
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Figure 10.  SEM micrographs of (A) Bare steel, (B) Converted coated steel, (C) Converted coated + 5 x 10-4 M Tween-80, (D) Converted coated + 1 x 10-3 
M Tween-80, (E) Converted coated + 1 x 10-2 M Tween-80 
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Figure 11.  EDS micrographs of (A) Bare steel, (B) Converted coated steel, (C) Converted coated + 5 x 10-4 M Tween-80, (D) Converted coated + 1 x 10-3 
M Tween-80, (E) Converted coated + 1 x 10-2 M Tween-80 
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Figure 12.  Variation of the weight percent of each of C, P and Zn and the 
concentration of Tween-80 in coated steel surface 

4. Conclusions 
1.  Electrochemical results indicated that the presence of 

0.01M Tween-80 in the coating solution caused an 
increase of the protection efficiency of Zn-phosphate 
coat on steel up to 90% and a decrease of its porosity 
from 49.2 to 10.5%. 

2.  Thermodynamic study of the adsorption of Tween-80 
on the steel surface indicated that Langmuir isotherm 
is not applicable, however, Flory-Huggins isotherm 
and Kinetic-Thermodynamic model are applicable, 
and Tween-80 is chemisorbed on the steel surface.  

3.  The reduction in porosity and increase in corrosion 
resistance of Zn-phosphate coat on steel due to the 
presence of Tween-80 during the coating process has 
been discussed on the basis of the ability of this 
long-chain surfactant to form films over the surface 
helps to seal the pores effectively, causing low 
moisture permeability and high corrosion-resistance 
properties. 

4.  SEM studies and EDX analysis gave very good 
support to the electrochemical data. 
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