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Abstract  
  In this work, a comparative electrochemical study has been performed to evaluate corrosion 
inhibition property of several film-forming corrosion inhibitors provide by Akzo Nobel on 
carbon steel in a chloride solution. For carbon steel exposed to 1 M NaCl solution with and 
without added inhibitor, electrochemical measurements including electrochemical impedance 
spectroscopy (EIS), linear polarization resistance (LPR) at different exposure time intervals, and 
potentiodynamic polarization at the termination of the exposure, have been performed to 
investigate the film forming process and to evaluate corrosion inhibition efficiency of the 
inhibitors, as well as its evolution with time.  

  The corrosion resistance data obtained from the EIS and LPR measurements are in good 
agreement. The results indicate different inhibition properties of the inhibitors tested. The 
inhibition effect of SSF CI-1 is negligible in the first hour of exposure, but it increases steadily 
with time for 1 day, and then remains the same level during the exposure up to one week. SSF 
CI-2 exhibits a good inhibition effect in the first hour, but the effect decreases with time to a low 
level after 8 hours, and then increases again with prolonged exposure. SSF CI-4 shows a low 
inhibition effect during the first day, and then increases to a maximum level after three days’ 
exposure. For SSF CI-5 and SSF CI-6, the inhibition effect within 8 hours is relative low but 
higher than that of SSF CI-4, and the effect increases with time during prolonged exposure. The 
SSF CI-5 seems to be better than SSF CI-6 because of a more stable inhibition effect.  

  The EIS results indicate that most of the inhibitors form a resistive surface film on carbon steel, 
which becomes more resistive and protective after several days’ of exposure. However, in the 
initial stage of exposure, the SSF CI-6 does not show an effect of formation of a resistive film on 
the surface. The potentiodynamic polarization measurements suggest that, SSF CI-1 and SSF CI-
2 are anodic type inhibitor, SSF CI-4 is cathodic type inhibitor, and SSF CI-5 and SSF CI-6 are 
mix type inhibitor.  

  Moreover, the inhibitors tested show a similar corrosion inhibition effect as mussel adhesive 
protein (MAP) at the low dosage level.  
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1 Introduction 
1.1 Basics of corrosion  

Metallic materials are one of the cornerstones of modern society. Metals and alloys are widely 
used in aggressive environments, such as acids, sea water and caustic solutions in industry. 
Chemical/electrochemical reactions occur at the interface between the corrosive medium and the 
surface of the metal, which result in metal dissolution into the solution and formation of 
corrosion product. The annual direct cost of metallic corrosion in USA was estimated to be 3.1% 
of the gross domestic product (GDP) or approximately 300 billion US dollars. Besides huge 
direct economic loss, there are costs due to accidents caused by corrosion-induced structure 
break down (figure 1 shows an example), lost productivity or lost opportunity when corrosion 
accident occurs, and consumption of natural resources to constantly repair and maintain 
infrastructure [1

 

]. So it is of great importance to minimize and control the corrosion process of 
metal. 

 
Figure 1. The Aloha incident 1988, where crevice corrosion caused the structural failure of a 19 
years’ old Boeing 737 [2

 

]. 

On of the most effective ways to prevent the electrochemical corrosion is the isolation of a 
metal from corrosive solutions. Among the methods applied to control the corrosion, the use of 
corrosion inhibitor is the most common and economic methods to achieve this goal [3

 

]. 

1.2 Corrosion inhibitor  
Corrosion inhibitors are chemical substances added in a small amount to aggressive 

environments, in order to decrease the corrosion rate of the metallic material. Organic inhibitors 
may form a protective film on the metal surface through chemisorption or physisorption. The 
molecular structure of the inhibitor, surface state and surface excess charge of metal could 
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significantly affect the adsorption mechanism of inhibitor molecules on the metal surface [4]. 
Inhibitors increase the corrosion resistance by [ 5

• Decreasing the anodic and/or cathodic reaction rate  

]: 

• Decreasing the diffusion rate for reactants to the surface of the metal 

• Increasing the electrical resistance of the metal surface 

According to which partial electrochemical reaction is affected, the inhibitors can be classified 
as anodic, cathodic and mixed-type inhibitors [6

Study of the corrosion phenomena of carbon steel has been an important industrial and 
academic topic, particularly in acid chloride solutions [

].  

7

 

]. In oil-field applications, the rate of 
corrosion is very high at the pipelines and other assets utilized for transport and treatment of 
crude oil and brine. Therefore, investigating and exploring corrosion inhibitor to control the 
corrosion rate of carbon steel in chloride solutions is important not only for its academic 
meaning but also for its practical application.  

1.3 Demand for “green” inhibitor   
Many of the traditionally used corrosion inhibitors (chromate and heavy metals, amines and 

imidazoline, etc.) have high toxicity impact to environment and cause health risk issues. 
Therefore, recently extensive efforts have been made to develop “green”, smart, safe and 
multifunctional corrosion inhibitors [ 8

 

 ]. Many alternative environmentally benign inhibitors 
have been developed, such as ascorbic acid, tryptamine, caffeic acid, succinic and nature 
corrosion inhibitors. A literature survey has been conducted at the beginning of this diploma 
work. The report gives an overview of green organic corrosion inhibitions developed in recent 
years for metal and alloys, mainly carbon steel in various aggressive media. See the appendix. 

1.4 Aim of this thesis study  
The aim of this work is to gain some insight into the film-forming process, evaluate corrosion 

inhibition efficiency of the inhibitors provided by Akzo Nobel, including both traditional types 
(imidazoline, alkoxylated fatty amine) and more recent developed ones (polymeric 
amine/quaternary ammonium compounds). Great efforts have been made to investigate their 
evolution with time, and compare the new inhibitors with the traditional ones.  

The film-forming process and inhibition effect of these inhibitors on carbon steel in 1 M NaCl 
solution were investigated by electrochemical techniques, including linear polarization resistance 
(LPR) measurement, electrochemical impedance spectroscopy (EIS) after different exposure 
time intervals, 1 hour, 8 hours, 1 day, 3 days and 7 days, and potentiodynamic polarization (PD) 
measurement at the termination of the exposure.  
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2. Theory of electrochemical techniques  
2.1 Electrochemical Impedance Spectroscopy (EIS) 

Electrochemical Impedance Spectroscopy (EIS) is a powerful, rapid and accurate non-
destructive technique for investigating corrosion processes of wide range of materials in different 
aggressive media [9]. Surface properties, electrode kinetics and mechanistic information can be 
obtained through the impedance spectra [ 10 ]. During the EIS experiments, alternating 
electrochemical perturbation (e.g., ac-potential) is applied to the system being investigated. The 
perturbation is characterized as the potential or the current in sine wave at a certain frequency or 
a germination of some different frequency sine waves [11

                                                                Z=V
��⃑

I⃑
                            (1) 

]. Through dividing the alternating 
potential, V��⃑ , by the alternating current, I⃑, the impedance function (a vector parameter) Z is: 

In general, the impedance parameter consists of real part (resistive) and imaginary part 
(capacitive or inductive). For an electrochemical interface of a corroding system, i.e., a metal in 
an electrolyte, the real part of the impedance is usually associated with the electrical resistance of 
the electrolyte, charge transfer resistance of corrosion reactions and ohmic resistance of the 
surface film, while the imaginary part is associated with capacitance of the electrochemical 
double layer at the interface and adsorption/desorption at the metal surface, which is also 
influenced by the surface film. In corrosion science and engineering, a parameter termed as 
polarization resistance is used as a measure of corrosion resistance. The polarization resistance is 
the resistance against corrosion reactions at open circuit condition, and it depends on the charge 
transfer resistance, the ohmic resistance of the electrolyte and the surface film, and diffusion 
resistance in the case of mass transport controlled corrosion process. In reality, often some of 
these factors are dominant in the polarization resistance.  

Different corrosion system (e.g., charge transfer control, diffusion control or a mixture type) 
may show different features in the EIS spectra. Through analyzing the EIS data (Nyquist plot, 
Bode plot), the corrosion mechanism of the system can be identified. In practice, EIS data are 
often interpreted in terms of electrical equivalent circuits that can be used to describe the 
electrical features of the electrochemical interfaces [12

 

]. A simple corrosion system under the 
charge transfer control, ignoring the concentration polarization, can be described by a simple 
equivalent circuit in figure 2: 

Figure 2. Equivalent circuit for a corrosion system under charge transfer control, with one time 
constant feature. Rs: solution resistance between the reference electrode and working electrode; 
Rp: polarization resistance; Cd: double layer capacitance.   
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The impedance modulus, Z, for the equivalent circuit in figure 2 can be expressed as follow: 

                                                Z = Rs + 1
1
Rr
+jωCd

                  (2) 

After rearrangement: 

Z = �Rs + Rr
1+a2

� − j aRr
1+a2                          a = ωCdRr         (3) 

 

Using x and y as below:   

          x = �Rs + Rr
1+a2

�                                              

                                                                                           (4) 

                          y = aRr
1+a2    

and eliminate the parameter a leads to: 

  (x − Rs −
1
2

Rr)2 + y2 = (1
2

Rr)2                                    (5) 

 

This is a curve equation of the circle, the radius is Rr/2, and the center of the circle is at the 
point: (x = Rs + 1

2
Rr, y = 0).  So the equal Nyquist plot for the circuit is shown in figure 3: 

 
Figure 3. Nyquist plot for a simple corrosion system under charge transfer control. 

 

When ω → ∞, a → ∞, taken into the equation (5), get: x=Rs, y=0    

When ω → 0, a → 0, taken into the equation (5), get: x=Rs+Rr, y=0 
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When the imaginary part reaches to its maximum value (phase angle maximum), frequency 
express as ωm, through equation (4) and (5), get:  

ωm= 1
CdRr

                                                    (6) 

So the Rs, Rp and Cd can be obtained through analysis of the Nyquist plot. And the Bode plot 
can also be used to establish the parameters of the equivalent circuit, as shown in figure 4. The 
number of the peaks represents the number of time constants. If there is just one peak in phase 
angle of bode plot, the system just have one time constant. Two peaks in phase angle of Bode 
plot means the system is characterized as two time constants.  

                                      Rs = limω→∞ |Z|                                         (7) 

                                      Rs + Rr = limω→0 |Z|                                 (8) 

 
Figure 4. Bode plot for simple corrosion system under charge transfer control [13

 

]. 

In practice, inhibition efficiency (IER %) is often defined as:  

                             IER% = Rp−R0
Rp

× 100                                                  (9) 

Where Rp and R0 are the polarization resistances values obtained with and without inhibitor, 
respectively. The ZView software was employed to view and analyze the spectra of EIS. 
However, the efficiency value gained through equation (9) means the normalized trend of 
corrosion resistance, not the normalized trend of corrosion rate [14

Now it is possible to obtain, validate and quantitatively interpret the experimental impedance 
spectra for different reactions and interfaces.  However, for complicated systems, i.e. more time 
constants, the most difficult problem in EIS is modeling of the electrode processes, since 
different electrical circuits can be used to fit the same experimental spectra, that is where most of 
the problems and errors arise [

].  

15]. 
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2.2 Linear Polarization Resistance (LPR)   
Linear Polarization Resistance is a quick electrochemical method of measuring corrosion 

resistance. In LPR experiments, the potential is swept in a small range around the open-circuit 
potential and the resulting current of the system is measured. The polarization resistance is the 
slope of applied potential (over potential, E) and the recorded current [16

                     RP = （
∂E
∂j
）

j=0,dEdt→0
                                               (10) 

], similar to Ohm’s law: 

where RP is the polarization resistance; E is over potential; and j is current density, j = I
A
 

The corrosion rate can be calculated through measured polarization resistance Rp and Tafel 
slopes. The corrosion current density icorr is related to the polarization resistance Rp by the well-
know Stern-Geary relation [17

                      icorr = 1
2.303

. ba bc
(ba +bc)

. 1
RP

                                            (11) 

]: 

where ba, and bc are the Tafel slopes of the anodic and cathodic corrosion reactions, 
respectively. So ∂E

∂j
= B
icorr

, which means the polarization curve is linear relationship around the 

open-circuit potential. A low Rp implies that a small over potential (polarization) applied to the 
sample will result in large current, and therefore a high corrosion rate. 

 

2.3 Potentiodynamic Polarization (PD) 
For electrochemical activation controlled corrosion systems, i.e., anodic and cathodic reactions 

are under activation control, there is a general relationship between the current and potential 
polarization, so called Butler-Volmer equation: 

                            j = icorr[exp 2.303∆E
ba

− exp −2.303∆E
bc

]                     (12) 

where j is the measured current density, and ∆E is the over potential; ba and bc are the anodic 
and cathodic Tafel coefficients, respectively.  

 

 When the polarization, ∆E, is large (normally> 100
n

mV), approximately,    

 Anodic polarization: ja = icorrexp 2.303∆E
ba

= ia                  

(13) 

Cathodic polarization: jc = icorrexp −2.303∆E
ba

= ic              
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This means under a large polarization, the polarization curve of the corrosion metal electrode 
almost coincide with the anodic part or cathodic part of polarization curve.  

Also the equation (13) can be expressed in Logarithm: 

 ∆Ea = −balogicorr + balog ia                      

(14) 

 ∆Ec = bclogicorr − bclog ic                        

 

So with a large polarization, either anodic or cathodic, the relation between external current 
and electrode polarization follows the Tafel relationship. So as schematically shown in figure 5, 
the corrosion current icorr  can be obtained through the intersection of the tangent of cathodic 
and anodic polarization curves.   

 
Figure 5. Hypothetical cathodic and anodic polarization curves.  

 

Based on the corrosion current density data, the inhibition efficiency can be calculated according 
to equation (15): 

                              IE(%) = icorr−iinh
icorr

× 100                                          (15) 

where the icorr and iinh are the corrosion current density without and with inhibitor, respectively. 
Since the corrosion current directly links to the corrosion rate, the inhibition efficiency obtained 
through the PD method is a more accurate measure of the decrease in the corrosion rate, as 
compared to the inhibition efficiency calculated from the Rp (EIS, LPR) values, see equation (9), 
which is based on the change in the corrosion resistance.    

PD is one of the most widely used electrochemical methods for measuring corrosion rate of 
metals. However, the measurement modifies the surface condition of the corrosion system. So 
usually PD technique is only performed at the termination of the exposure. 



8 

 

3. Experimental 
3.1 Metal Sample 

The sample material used for experiments was cold rolled low carbon steel (DC 01, 1.0330) 
provide by IVF, Sweden. Table 1 gives the chemical composition of the carbon steel. 

Table 1. Chemical composition of the carbon steel supplied by IVF (wt%).  

C (max.) Mn (max.) P (max.) S (max.) Fe 

0.12 0.60 0.045 0.045 balance 

 

 

3.2 Inhibitors 
The inhibitor of SSF CI-1, SSF CI-2, SSF CI-4, SSF CI-5 and SSF CI-6 were provided by 

Akzo Nobel Surface Chemistry, including both traditional types (imidazoline, alkoxylated fatty 
amine) and more recent developments (polymeric amine/quaternary ammonium compounds).  

SSF CI-1 

An imidazoline based on di-ethylene tri amine (DETA) and R = Tall Oil Fatty Acid (TOFA), 
 i.e. ~C18 

N

N
R

N
H

NH2

where n+m+k= 6  

SSF CI-2 

Oleic diamine + 1 EO = A low-alkoxylated fatty diamine where the fatty chain (R) is based on 
oleic fatty acid (~C18) from a vegetable source and the nitrogen atoms are ethoxylated with on 
average one EO (a+b+c =1). 

 

SSF CI-4 

Polymeric/oligomeric fatty alkyl esteramine partly fatty acid end-blocked. 

R N N

(EO)a

(EO)c

(EO)b
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SSF CI-5 

Polymeric/oligomeric fatty alkyl esteramine. R= tallow fatty acid, ~C16-18. 

NB: 5 is just some kind of average (should be “n”), in reality there is a (broad) distribution of 
species where n varies. 2 is an average as well. 

OH
O

N
O

O
O

O
N

O
OH

2

R

O

O

R

2

 

SSF CI-6 

This is the same as CI 5, but quaternized with methyl chloride (MeCl), i.e. each nitrogen 
carries a permanent positive charge and has a chloride counterion. 

OH
O

N
O

O
O

O
N

O
OH

2

R

O

O

R

2

5

CH3

CH3Cl-

Cl-
+

+

  

The charge of amines is pH-dependent, at “low pH”, they are protonated and the positive 
charge makes them much more water soluble. It is very common to make amine based corrosion 
inhibitors more water soluble by adding e.g. acetic acid to create the acetate salt. 

The real life dosage of these products is 10 - 100 ppm. So the dosage level of inhibitor for 
most of experiments is set as 50 ppm. In the additional test, a high dosage (1000 ppm) was used 
for the inhibitor SSF CI-4. 

Moreover, mussel adhesive protein (MAP) was also tested at the low dosage level (50 ppm) to 
compare with the inhibitors from Akzo Nobel.  

 

 3.3 Solution  
The aggressive solution of 1 M NaCl was made up using pure sodium chloride from SIGMA-

ALDRICH and distilled water. The inhibitor was added to the set dosage level. Small quantities 
of hydrochloric acid were added to the solution to adjust the pH to 4.6.    

MAP was prepared in 0.2 M H3PO4 solution. NaOH was used to adjust the pH to 4.6. For the 
electrochemical tests, the solution was prepared to contain 1 M NaCl, the same as for other 
inhibitors. 
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3.4 Electrochemical measurements 
The instruments used were a Solartron electrochemical interface 1287 coupled with a 

Solartron frequency response analyzer 1250, as shown in figure 6. A conventional three-
electrode cell was used in the electrochemical measurements, which includes working electrode 
(sample), platinum counter electrode (CE) and saturated Ag/AgCl reference electrode (RE). The 
Luggin-Habber capillary was settled near working electrode to decrease the ohmic contribution. 
The working surface area was 0.785 cm2 or 1 cm2, depending on the radius of the PVC holder.     

 

 
Figure 6. Solartron electrochemical interface 1287 and frequency response analyzer 1250. 

  

The sheet samples were wet polished with SiC grinding paper successively from 220 to 1200 
grits, ultrasonically cleaned for 5 minutes in the ethanol, degreased with acetone and then air-
dried. At the beginning of each measurement, the sample was immersed in the solution at open 
circuit potential (OCP) for 1 hour to gain a stable state. Three parallel experiments were carried 
out at the same time to check the reproducibility of the results.             

The EIS is an ideal technique for long term test, since it is a non-destructive method and does 
not modify the system and therefore can be used to follow the changes in the interfacial 
properties over time [18

The LPR measurements were carried out, between the initial potential of - 0.015 V vs. OCP 
and the final potential of 0.015 V vs. OCP, with a scan rate of 10 mV/min.  

]. The EIS measurements were carried out at the OCP over the frequency 
range 104 Hz to 10-2 Hz, with perturbation amplitude of 10 mV.  

The PD measurement was performed at the termination of the exposure, after 7 days. For this 
measurement, the initial potential was - 0.2 V vs. OCP and the final potential was 1.0 V vs. OCP, 
with a sweep rate of 10 mV/min, from cathodic to anodic direction.  
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The Butler-Volmer equation (eq. 12) was used to calculated the corrosion current density 
(icorr) of the system through curve fitting. The Levenburg-Marquardt (LEV) method in the 
CorrView software was used to determine the icorr , Ecorr, ba and bc values: 

                              χ2 = ∑ [Ii−Ii
′

σi
]2n

i=1                                                      (16) 

Ii: the current at data point i 

Ii′ : the calculated current 

σi: the weighting factor 

In LEV method, since ba and bc are also fitted quantities, the error by using the default Stern-
Gary constant in the software can be avoided. This is particularly important for the 
measurements of aged samples [14]. 
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4. Results and discussion  
4.1 The control measurement  

Figure 7 shows the Nyquist plots and the Bode plots obtained at the open-circuit potential 
during one week for carbon steel in 1 M NaCl without inhibitor. The EIS spectra show one 
semicircle in the Nyquist plots and one time constant feature in the Bode plots. The simple 
equivalent electrical circuit describing the steel-solution interface shown in Figure 8 can be 
satisfactorily used for spectra fitting, and the error is lower than 4 % for each parameter. The 
fitting results are given in table 2. The Rp value was a little larger after the first hour exposure 
than 8 hours, and this is probably due to the initial oxide film formed on the surface during 
preparation of the electrochemical cell. The corrosion resistance decreased a little bit as the oxide 
film dissolved into the solution. As it can be seen in table 2, the Rp value was relatively stable 
over time, and increased a certain extent after 7 days’ exposure. The results indicate that 
corrosion product layer formed on the surface may lead to a little increase in the corrosion 
resistance after a prolonged exposure.  

 
Figure 7. EIS spectra for the carbon steel in 1 M NaCl at pH 4.6 without inhibitor after 1 hour, 8 
hours, 1 day, 3 days and 7 days’ exposure. 

 

 
Figure 8. Simple equivalent circuit used to describe the steel-solution interface. Rs: solution 
resistance between the reference electrode and working electrode, Rp: polarization resistance,  
CPE: constant phase element. 
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The constant phase element (CPE) is used to instead of capacitance to account for the 
imperfect capacitive response of the interface [19]. The impedance of the CPE is expressed by 
[20

                                               ZCPE = [Y0(jω)n]−1                 (17) 

]: 

where Y0 is the magnitude of CPE, J is the imaginary unit, and ω is the angular frequency.  

The exponential factor n is a fit parameter without clear physical meaning. In practice, it is 
often related to the degree of surface roughness, i.e., the smaller deviation from 1, the more 
homogeneous surface or surface film. In table 2, the n value decreased slightly with exposure 
time, indicating that the surface of the sample become rougher. 

 

Table 2. Parameters obtained from EIS spectra fitting for blank measurements.  

Solution Time Rs(Ωcm2) Rp(Ωcm2) Y0(Fcm-2) n 

blank 1 hour 2.7 1062±123 0.0015 0.78 

 8 hours 2.6 953±73 0.0018 0.77 

 1 day 2.9 997±58 0.0017 0.73 

 3 days 2.5 1182±105 0.0025 0.69 

 7 days 2.9 1513±12 0.0030 0.69 

 

 

4.2 Inhibitor SSF CI-1  
Figure 9 shows the Nyquist plots and the Bode plots obtained at the open-circuit potential 

during one week for carbon steel in 1 M NaCl solution with 50 ppm SSF CI-1. Sometimes, 
especially after the first hour exposure, the data at the low frequency end indicate an inductive 
feature, which may be due to pronounced metal dissolution. The Nyquist plots deviate somewhat 
from a perfect semicircle, which arises from non-homogeneity of the sample surface, and could 
be attributed to roughness or interfacial phenomena [21

After first hour of exposure, two time constants appeared in the phase angle of bode plot, this 
may due to the inhibitor absorbed on the oxide film and reacted with the oxide film. In general, 
two equivalent circuits shown in figure 10 can be used for fitting of spectra with two time 
constants feature. Physically, the circuit (a) describes two different parallel layers (may include 
one electrochemical double layer), while the circuit (b) describe a dense inner layer and a porous 

]. It is obvious that increasing exposure 
time results in an increase in the diameter of the semicircular capacitive loop, which indicates the 
increase in the corrosion resistance of the system.   
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outer layer exposed to the electrolyte. For practical sample-electrolyte systems, sometimes one 
circuit is more suitable than the other because it can give reasonable results. In some cases, it is 
difficult to judge which circuit is more suitable for the spectra fitting, and in that case both the 
circuits may be used for fitting and the results are compared with other available information. 
For the spectrum obtained after 1 hour’s exposure, there are two layers (oxide film and absorbed 
inhibitor layer) on the sample, so the circuit (a) was adopted to fit the data.  

From 8 hours to 3 days’ exposure, the EIS spectra show one semicircle in Nyquist plots and 
one time constant feature in Bode plots. The simple equivalent electrical circuit shown in figure 
8 can be satisfactorily used for spectra fitting. 

  
Figure 9. EIS spectra for the carbon steel in 1 M NaCl solution at pH 4.6 with 50 ppm SSF CI-1 
after 1 hour, 8 hours, 1 day, 3 days and 7 days’ exposure. 

 

 
Figure 10. Equivalent circuits used fitting of impedance spectra with two time constants. Rs: 
solution resistance between the reference electrode and working electrode; Rp: polarization 
resistance; Rfilm: the resistance of film; CPE1, CPE2: constant phase elements. 
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After 7 days’ exposure, two time constants appeared in the Bode plot again, and the 
impedance at low frequencies increased to a higher level. This may due to the formation of a 
resistive surface film on the sample as a result of interaction between the inhibitor and the steel 
surface with some corrosion product (oxide and/or hydroxide). In this case, the circuit (b) in 
figure 10 was applied to fit the experiments data. However, circuit (a) was also used to fit the 
spectrum obtained after 7 days’ exposure for comparison.   

The electrochemical parameters of Rs, Rp, Y0, n and Rfilm are obtained by spectra fitting using 
ZView software and presented in table 3. The data are the mean of three parallel experiments. 
The standard deviation of the Rp value shows the reproducibility of the measurements. For the 
fitting results that includes the Rp and Rfilm, the total resistance Rtotal (Rp+Rfilm) was used as the 
corrosion resistance of the system. For the inhibitor SSF CI-1, the Rp value increases with 
exposure time, as shown in figure 11. 

 

Table 3. Parameters obtained from EIS spectra fitting for 50 ppm SSF CI-1.  

Solution Time 
Rs  

(Ωcm2) 
Rp    

(Ωcm2)  
 

Y0   

(Fcm-2) 
n IER% 

SSF CI-1 8 hours 1.8 1174±108   0.0011 0.72 19 

 1 day 1.8 1690±173   0.0009 0.71 41 

 3 days 1.7 2193±291   0.0010 0.67 46 

  Rs 
(Ωcm2) 

Rp   
(Ωcm2) 

Rfilm 
(Ωcm2) 

Rtotal 

(Ωcm2) 

   

 1 hour (a) 1.5 838±111 74 912±25 0.0015 0.9 -16 

 7 days (a) 2.3 2566±444 165 2731±348 0.0020 0.83 45 

 7 days (b) 2.7 2912±757 369 3281±474 0.0007 0.89 54 

 

 

The corrosion inhibition efficiency (IER%) data calculated from equation (9) and using Rtotal 
are also given in the table 3. At the initial stage, the inhibitor showed negative inhibition effect. 
Lower corrosion resistance for the system with the inhibitor SSF CI-1 than the control (without 
inhibitor) implies that the inhibitor may cause enhanced dissolution of the air-formed oxide film 
in the first hour of exposure. After 8 hours, the inhibition efficiency increased to 19%. After 7 
days exposure, the system reached to inhibition efficiency of 54%, calculated from the circuit (b). 
Figure 12 shows the variation of the inhibition efficiency of SSF CI-1 with the exposure time.  
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Figure 11. The variation of the Rp obtained from EIS with exposure time for inhibitor SSF CI-1, 
obtained from circuit (a) and circuit (b), respectively. 

 

 
 

Figure 12. The variation of the IER% obtained from EIS with exposure time for inhibitor SSF CI-
1, obtained from circuit (a) and circuit (b), respectively. 

 

Figure 13 shows the results of LPR measurements for inhibitor SSF CI-1. The Rp values and 
inhibition efficiency IER% obtained from the LPR measurements are given in table 4. The 
inhibition efficiency and variation with time obtained from LPR were similar with that obtained 
from EIS results (circuit b).  
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Figure 13. Linear polarization results (I vs. E plots) for inhibitor SSF CI-1 after different 
exposure times (1 hour, 8 hours, 1 day, 3 days and 7 days).  

 

Table 4. Parameters obtained from LPR measurements for the blank and 50 ppm SSF CI-1. 

Solution Time Rp(Ωcm2) IER%(LPR) 

blank 1 hour 861±118  

 8 hours 840±66  

 1 day 898±29  

 3 days 961±95  

 7 days 1161±44  

SSF CI-1 1 hour 839±53 -3 

 8 hours 953±77 12 

 1 day 1406±193 36 

 3 days 1836±304 48 

 7 days 2624±216 56 

 

 

Potentiodynamic Polarization Curve for inhibitor SSF CI-1:  

Figure 14 shows the potentiodynamic polarization curves of carbon steel without and with 50 
ppm inhibitor SSF CI-1 in 1 M NaCl solution at pH 4.6, after 7 days’ exposure. It can be seen 
that, the corrosion potential shifted to a higher value (more positive potential), and the anodic 
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current density was obviously affected by the addition of inhibitor, while the cathodic one was 
slightly moved towards lower current densities, which indicates that the anodic corrosion 
reaction was retarded by the inhibitor. The corrosion kinetic parameters, corrosion current 
density icorr; corrosion potential Ecorr; anodic Tafel slope ba; cathodic slope ba, were obtained 
through curve fitting by using the CView software, and the data are summarized in table 5. The 
corrosion current density (icorr) data are used to calculate the inhibition efficiency according to 
equation (15). From the table 5, the corrosion current density, and Tafel slops ba and bc decreased, 
as compared that of the blank. This implies that SSF CI-1 can be regarded as anodic type 
inhibitor and the inhibition effects are not just caused by surface blocking effect [ 22]. The 
corrosion mechanism (anodic dissolution) is changed by the addition of SSF CI-1 [ 23

 

]. For 
convenience, the results for other inhibitors are also given in table 5.  

Figure 14. The potentiodynamic polarization curves of carbon steel in 1 M NaCl solution without 
and with 50 ppm inhibitor SSF CI-1 after 7 days’ exposure. 

 

Table 5. Kinetic parameters and inhibition efficiency obtained from the polarization curves.  

Solution ba bc I (uAcm-2) Ecorr vs.Ag/AgCl (V) IE% 

blank 69 431 10.68±3.67 -0.695 - 

50 ppm SSF CI-1 62 227 5.77±0.35 -0.613 46 

50 ppm SSF CI-2 57 335 6.13±1.21 -0.606 42 

50 ppm SSF CI-4 64 119 1.65±0.75 -0.725 85 

50 ppm SSF CI-5 66 274 5.44±1.02 -0.634 49 

50 ppm SSF CI-6 64 190 2.51±0.93 -0.653 76 

1000 ppm SSF CI-4 67 136 2.46±1.25 -0.720 77 
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4.3 Inhibitor SSF CI-2 

Figure 15 shows the Nyquist plots obtained at the open-circuit potential during one week for 
carbon steel in 1 M NaCl solution with 50 ppm SSF CI-2. After the first hour of exposure, the 
spectrum exhibited two time constants feature, and a high impedance level, different from the 
inhibitor SSF CI-1. The results suggest that the inhibitor SSF CI-2 absorbed on the surface oxide 
film and decreased dissolution of the film. The absorbed inhibitor combined with the oxide film 
may provide a high level of corrosion protection. In this case, the circuit (a) in figure 10 was 
used to fit the spectrum. After 8 hours’ exposure, the diameter of the semicircular capacitive loop 
decreased significantly, which indicates the decrease in the corrosion resistance of the system. 
The dissolution of the surface oxide film may lead to this phenomenon. After 1 day exposure, the 
diameter of the semicircular capacitive loop increased with the exposure time, indicating that the 
inhibitor forms a protective film, probably grows together with corrosion products on the surface. 

 
Figure 15. EIS spectra for the carbon steel in 1 M NaCl solution at pH 4.6 with 50 ppm SSF CI-2 
after 1 hour, 8 hours, 1 day, 3 days and 7 days’ exposure.   

 

After 7 days’ exposure, two time constants appeared in the phase angle of Bode plot, most 
likely due to the formation of a resistive surface film on the sample, which led to an enhanced 
corrosion protection. The circuit (a) and circuit (b) in figure 10 are used for the spectrum fitting. 
The electrochemical parameters, Rs, Rp, Y0, n, Rfilm and inhibition efficiency IER% obtained are 
presented in table 6. Figure 16 and figure 17 show the variation of Rp value and IER% with time, 
respectively. After 8 hours’ exposure, Rp increased with exposure time. The inhibition efficiency 
was 48% after the first hour of exposure, then decreased to some extent, and increased again and 
reached 51% (circuit b) after 7 days’ exposure. The results indicate that inhibitor SSF CI-2 
provides instant corrosion protection, i.e., a good inhibition effect within a short exposure time. 
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Table 6. Parameters obtained from EIS spectra fitting for 50 ppm SSF CI-2. 

Solution Time 
Rs 

(Ωcm2) 
Rp  

(Ωcm2)  
 

Y0  
(Fcm-2) 

n IER% 

SSF CI-2 8 hours 6.7 1161±57   0.0010 0.67 18 

 1 day 6.0 1340±132   0.0009 0.65 26 

 3 days 5.1 2049±243   0.0012 0.61 42 

  Rs 
(Ωcm2) 

Rp  
(Ωcm2) 

Rfilm 

(Ωcm2) 

Rtotal 

(Ωcm2) 

   

 1 hour (a) 2 1602±288 422±302 2024±471 0.0015 0.87 48 

 7 days (a) 4.6 2084±224 275±203 2359±41 0.0022 0.80 36 

 7 days (b) 5.1 2919±287 162±190 3081±283 0.0007 0.76 51 

 

 

 
 

Figure 16. The variation of the Rp obtained from EIS with exposure time for inhibitor SSF CI-2, 
obtained from circuit (a) and circuit (b), respectively. 
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Figure 17. The variation of IER% obtained from EIS with exposure time for inhibitor SSF CI-2, 
obtained from circuit (a) and circuit (b), respectively. 

 

Figure 18 shows the results of LPR measurements for inhibitor SSF CI-2. The Rp values and 
inhibition efficiency obtained from the LPR are given in table 7. The inhibition efficiency and 
variation with time are similar to that calculated from EIS results (circuit b). 

 

 
Figure 18. Linear polarization results (I vs. E plots) for inhibitor SSF CI-2 after different 
exposure times (1 hour, 8 hours, 1 day, 3 days and 7 days). 
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Table 7. Parameters obtained from LPR measurements for 50 ppm SSF CI-2. 

Soltuion Time Rp(Ωcm2) IER%(LPR) 

SSF CI-2 1 hour 1558±371 45 

 8 hours 911±27 8 

 1 day 1029±82 13 

 3 days 1444±113 34 

 7 days 2066±58 44 

 

 

Potentiodynamic Polarization Curve for inhibitor SSF CI-2:  

Figure 19 shows the potentiodynamic polarization curves of carbon steel in 1 M NaCl solution 
without and with 50 ppm inhibitor SSF CI-2, after 7 days’ exposure. 

 
Figure 19. The potentiodynamic polarization curves of carbon steel in 1 M NaCl solution at pH 
4.6 wtihout and with 50 ppm inhibitor SSF CI-2 after 7 days exposure. 

 

The SSF CI-2 (figure 19) exhibits similar inhibition properties as the SSF CI-1 (figure 14). 
The corrosion potential shifted to a higher value, the anodic current density was decreased by the 
addition of inhibitor, and the cathodic one was slightly decreased, indicating that the anodic 
corrosion reaction was retarded by inhibitor SSF CI-2. The corrosion kinetic parameters obtained 
through polarization curve fitting are given in table 5. The results revealed that the SSF CI-2 is 
anodic type inhibitor. The inhibition efficiency calculated through corrosion current density (icorr) 
for inhibitor SSF CI-2 is 42% after 7 days’ exposure, slightly lower than that of SSF CI-1. 
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4.4 Inhibitor SSF CI-4 
For inhibitor SSF CI-4, after first hour of exposure, the EIS spectrum exhibited two time 

constants feature in the phase angle of Bode plot, figure 20. This may be due to the air-formed 
oxide film on the surface and the inhibitor absorbed on the oxide film. The circuit (a) in figure 10 
was used to fit the data. Unlike the inhibitor SSF CI-1 and SSF CI-2, compared to the blank, the 
SSF CI-4 did not show a significant inhibition effect during the first hour exposure. After 8 hours’ 
exposure, the effect decreased a little bit, due to the dissolve of the oxide film. The EIS spectra 
for 8 hours and 1 day exposure exhibit one time constant, and the simple equivalent circuit 
(figure 8) could be used for spectra fitting. However, the second time constant started to appear 
in the EIS spectra after 3 days’ exposure, indicating a resistive surface film formed on the 
surface of the sample. The circuit (a) and circuit (b) in figure 10 were used for the spectra fitting. 
The electrochemical parameters obtained are presented in table 8. The variation of Rp value and 
IER% with exposure time are shown in figure 21 and figure 22, respectively.  

 

 
 

Figure 20. EIS spectra for the carbon steel in 1 M NaCl solution at pH 4.6 with 50 ppm SSF CI-4 
after 1 hour, 8 hours, 1 day, 3 days and 7 days’ exposure. 

 

As can be seen in figure 21, after 1 day exposure, the Rp value increased with time. The system 
reached to an inhibition efficiency of 51% (circuit b) after 3 days’ exposure, and then decreased 
with time, indicating a unstable inhibition effect of this inhibitor. 
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Table 8. Parameters obtained from EIS spectra fitting for 50 ppm SSF CI-4. 

Solution Time 
Rs   

(Ωcm2) 
Rp   

(Ωcm2)  
 

Y0  
(Fcm-2) 

n IER% 

SSF CI-4 8 hours 1.5 1102±74   0.0014 0.75 14 

 1 day 1.5 1257±89   0.0014 0.70 21 

  Rs   
(Ωcm2) 

Rp   
(Ωcm2) 

Rfilm 

(Ωcm2) 

Rtotal    
(Ωcm2) 

   

 1 hour (a) 1.5 1206±186 17±3 1223±184 0.0015 0.87 13 

 3 days (a) 1.2 1805±173 102±69 1907±123 0.0022 0.79 38 

 3 days (b) 1.2 2404±238 26±5 2430±208 0.0012 0.70 51 

 7 days (a) 1.2 1920±229 140±79 2060±195 0.0028 0.82 27 

 7 days (b) 1.7 2666±315 92±72 2758±245 0.0009 0.75 45 

 

 

 
 

Figure 21. The variation of the Rp obtained from EIS with exposure time for inhibitor SSF CI-4, 
obtained from circuit (a) and circuit (b), respectively. 
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Figure 22. The variation of IER% obtained from EIS with exposure time for inhibitor SSF CI-4, 
obtained from circuit (a) and circuit (b), respectively. 

 

The Rp values and IER% obtained from the LPR measurements are given in table 9. Figure 23 
shows the results of LPR measurements for inhibitor SSF CI-4 after different exposure times. 
The inhibition efficiency and variation with time are similar with that calculated from EIS results. 

 

 
Figure 23. Linear polarization results (I vs. E plots) for inhibitor SSF CI-4 after different 
exposure times (1 hour, 8 hours, 1 day, 3 days and 7 days). 
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Table 9. Parameters obtained from LPR measurements for 50 ppm SSF CI-4. 

Solution Time Rp (Ωcm2) IER%(LPR) 

SSF CI-4 1 hour 1061±237 19 

 8 hours 896±103 6 

 1 day 1016±88 12 

 3 days 2004±197 52 

 7 days 2239±356     48 

 

 

Potentiodynamic Polarization Curve for inhibitor SSF CI-4  

Figure 24 shows the potentiodynamic polarization curves of carbon steel without and with 50 
ppm inhibitor SSF CI-4 in 1 M NaCl solution at pH 4.6 after 7 days’ exposure. 

 

 
Figure 24. The potentiodynamic polarization curves of carbon steel in 1 M NaCl solution at pH 
4.6 without and with 50 ppm inhibitor SSF CI-4 after 7 days’ exposure. 

 

As can be seen from the figure 24, different from SSF CI-1 and SSF CI-2, the corrosion 
potential (Ecorr) shifted to a more negative value (cathodic direction), the cathodic current density 
was greatly decreased by the addition of inhibitor, and the anodic one was almost the same as the 
blank, which indicates that the cathodic corrosion reaction was retarded by inhibitor SSF CI-4. 
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The corrosion kinetic parameters obtained from polarization curves are given in table 5. The 
results reveal that inhibitor SSF CI-4 is predominately cathodic type inhibitor [24

 

]. The corrosion 
inhibition efficiency calculated from corrosion current density (icorr) for inhibitor SSF CI-4 is 85% 
after 7 days’ exposure, higher than other inhibitors.  

 

4.5 Inhibitor SSF CI-5 
Figure 25 shows the Nyquist plots and Bode plots obtained at the open-circuit potential during 

one week for carbon steel in 1 M NaCl solution at Ph 4.6 with ppm SSF CI-5. Similar to 
inhibitors SSF CI-1, SSF CI-2 and SSF CI-4, after the first hour of exposure, the EIS spectrum 
exhibited two time constants feature in Bode plots. The circuit (a) in figure 10 was used to fit the 
experiment data. The EIS spectra for 8 hours, 1 day and 3 days’ exposure exhibited one time 
constant feature, and the simple equivalent circuit (figure 8) could be used for spectra fitting. 
After 7 days’ exposure, the two time constants appeared in the Bode plots again. The equivalent 
circuits (a) and (b) in figure 10 were used for spectra fitting. The electrochemical parameters 
obtained are presented in table 10. The polarization resistance Rp was a little higher than that of 
the blank, and the initial inhibition efficiency obtained through equation (9) after 1 hour 
exposure is 18%. After 8 hours’ exposure, the polarization resistance decreased a little bit, which 
may due to the dissolution of the air-formed oxide film. The two time constants feature of the 
EIS spectra and the high polarization resistance after 7 days’ exposure are probably due to the 
formation of resistive surface film on the sample. 

 
Figure 25. EIS spectra for the carbon steel in 1 M NaCl solution at pH 4.6 with 50ppm SSF CI-5 
after 1 hour, 8 hours, 1 day, 3 days and 7 days’ exposure. 
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Table 10. Parameters obtained from EIS spectra fitting for 50 ppm SSF CI-5. 

Solution Time 
Rs 

(Ωcm2) 
Rp   

(Ωcm2)  
 

Y0 

(Fcm-2) 
n IER% 

SSF CI-5 8 hours 3.6 1292±116   0.0010 0.71 26 

 1 day 3.8 1767±153   0.0011 0.67 44 

 3 days 2.8 2349±201   0.0012 0.64 50 

  Rs 
(Ωcm2) 

Rp  
(Ωcm2) 

Rfilm 
(Ωcm2) 

Rtotal 

(Ωcm2) 

   

 1 hour (a)  2.2 1270±323 24±13 1294±310 0.0014 0.85 18 

 7 days (a) 2.8 2127±324 371±118 2498±284 0.0027 0.83 39 

 7 days (b) 2.9 2034±491 1049±497 3083±563 0.0008 0.88 51 

 

 

   Figure 26 and Figure 27 show variations of the Rp and IER% of inhibitor SSF CI-5 with time, 
respectively. After 8 hours’s exposure, the polarization resistance increased with time. The 
inhibition efficiency IER% was rather stable after 3 days’ exposure, around 50% (circuit b). 

 

 
 

Figure 26. The variation of the Rp obtained from EIS with exposure time for inhibitor SSF CI-5, 
obtained from circuit (a) and circuit (b), respectively. 
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Figure 27. The variation of the IER% obtained from EIS with exposure time for inhibitor SSF CI-
5, obtained from circuit (a) and circuit (b), respectively. 

 

 

Figure 28 shows the results of LPR measurements for inhibitor SSF CI-5. The Rp values and 
inhibition efficiency obtained from the LPR measurements are given in table 11. The inhibition 
efficiency and variation with time are similar to that calculated from EIS results (circuit b). 

 
Figure 28. Linear polarization results (I vs. E plots) for inhibitor SSF CI-5 after different 
exposure times (1 hour, 8 hours, 1 day, 3 days and 7 days). 
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Table 11. Parameters obtained from LPR measurements for 50 ppm SSF CI-5. 

Solution Time Rp(Ωcm2) IER%(LPR) 

SSF CI-5 1 hour 1204±255 29 

 8 hours 1120±131 25 

 1 day 1426±159 37 

 3 days 1744±135 45 

 7 days 2301±244 50 

 

 
 

Potentiodynamic Polarization Curve for inhibitor SSF CI-5 

Figure 29 shows the potentiodynamic polarization curves of carbon steel without and with 50 
ppm inhibitor SSF CI-5 in 1 M NaCl solution after 7 days’ exposure.  

 
Figure 29. The potentiodynamic polarization curves of carbon steel in 1 M NaCl solution at pH 
4.6 without and with 50 ppm inhibitor SSF CI-5 after 7 days’ exposure. 

 

As can be seen from the figure 29, both anodic and cathodic current density were decreased by 
addition of the inhibitor, which means the both cathodic and anodic corrosion reactions were 
retarded by inhibitor SSF CI-5, in accordance with the fact that most organic inhibitors are mixed 
type of inhibitors, affecting both anodic and cathodic reactions [ 25 ]. The corrosion kinetic 
parameters obtained from the polarization curves are presented in table 5. It can be seen that the 
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corrosion potential (Ecorr) slightly shifted towards a higher potential, the corrosion current density 
decreased in the presence of inhibitor SSF CI-5. The corrosion efficiency calculated through 
corrosion current density (icorr) for inhibitor SSF CI-5 is 49% after 7 days’ exposure.  

 

4.6 Inhibitor SSF CI-6 
Figure 30 shows the Nyquist plots and Bode plots obtained at the open-circuit potential during 

one week for carbon steel in 1 M NaCl solution at pH 4.6 with 50 ppm SSF CI-6. Different from 
the other inhibitors, after 1 hour of exposure, the spectrum exhibits one time constant feature. 
This suggests that the adsorbed inhibitor film is not so compact. Since SSF CI-6 is more water 
soluble than other inhibitors at this pH, this inhibitor film probably contains a large amount of 
water and therefore is not so resistive. The spectra obtained after 8 hours, 1day and 3 days’ 
exposure remain the same feature, while the diameter of the semicircle increased slightly with 
the exposure time. So the simple equivalent circuit (figure 8) was used to fit these spectra. 
However, after 7 days’ exposure, two time constants appeared in the spectrum, which indicates 
the formation of a resistive film on the sample surface. In this case, the circuit (a) and circuit (b) 
in figure 10 were used to fit the data. The electrochemical parameters obtained from spectra 
fitting are summarized in table 12. 

 

  
 

Figure 30. EIS spectra for the carbon steel in 1 M NaCl solution at pH 4.6 with 50 ppm SSF CI-6 
after 1 hour, 8 hours, 1 day, 3 days and 7 days’ exposure. 
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Table 12. Parameters obtained from EIS spectra fitting for 50 ppm SSF CI-6. 

Solution Time 
Rs 

(Ωcm2) 

Rp 

(Ωcm2)  
 

Y0 

(Fcm-2) 
n IER% 

SSF CI-6 1 hour 2.2 1302±136   0.0012 0.77 19 

 8 hours 2.3 1235±250   0.0012 0.77 23 

 1 day 2.3 1749±146   0.0010 0.73 43 

 3 days 2.1 1907±91   0.0021 0.71 38 

  Rs 

(Ωcm2) 

Rp 

(Ωcm2) 

Rfilm 

(Ωcm2) 

Rtotal 

(Ωcm2) 

   

 7 days (a) 2.0 2707±194 45±21 2752±186 0.0036 0.77 45 

 7 days (b) 2.0 2748±189 180±104 2928±106 0.0015 0.79 48 

 

The variation of Rp value and IER% with time are shown in figure 31 and figure 32, 
respectively. After 8 hours’ exposure, the Rp value increased with exposure time. As seen in 
figure 32, the inhibition effect SSF CI-6 seems to be unstable, the IER% reached to 43% after 1 
day exposure, but decreased somewhat after 3 days’ exposure, and then reached to a higher level 
of 48% (circuit b) after 7 days exposure. 

 

 
 

Figure 31. The variation of the Rp obtained from EIS with exposure time for inhibitor SSF CI-6, 
obtained from circuit (a) and circuit (b), respectively. 
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Figure 32. The variation of the IE% obtained from EIS with exposure time for inhibitor SSF CI-6, 
obtained from circuit (a) and circuit (b), respectively. 

 

Figure 33 shows the results of LPR measurements for inhibitor SSF CI-6 after different 
exposure times. The Rp values and IER% obtained from the LPR measurements are given in table 
13. The inhibition efficiency and variation with time are similar with that from the EIS results. 

 

 
Figure 33. Linear polarization results (I vs. E plots) for inhibitor SSF CI-6 after different 
exposure times (1 hour, 8 hours, 1 day, 3 days and 7 days). 
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Table 13. Parameters obtained from LPR measurements for 50 ppm SSF CI-6. 

Solution Time Rp (Ωcm2) IER%(LPR) 

SSF CI-6 1 hour 1310±95 34 

 8 hours 1257±189 33 

 1 day 1710±35 48 

 3 days 1813±60 47 

 7 days 2384±67 51 

 

 

Potentiodynamic Polarization Curve for inhibitor SSF CI-6 

Figure 34 shows the potentiodynamic polarization curves of carbon steel without and with 50 
ppm inhibitor SSF CI-6 in 1 M NaCl solution after 7 days’ exposure. Similar to SSF CI-5, both 
anodic current and cathodic current were decreased by addition of SSF CI-6. The corrosion 
kinetic parameters obtained from the polarization curves are presented in table 5. The corrosion 
potential Ecorr shifted slightly to a higher value, and the corrosion current density decreased in the 
presence of inhibitor SSF CI-6. The results reveal that SSF CI-6 is a mixed-type inhibitor. The 
inhibition efficiency calculated through corrosion current density (icorr) for SSF CI-6 is 76% after 
7 days’ exposure. 

 
Figure 34. The potentiodynamic polarization curves of carbon steel in 1 M NaCl solution without 
and with 50 ppm inhibitor SSF CI-6 after 7 days’ exposure. 
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4.7 Inhibitor SSF CI-4 at high dosage level 
Figure 35 shows the Nyquist plots and Bode plots obtained at the open-circuit potential during 

one week for carbon steel in 1 M NaCl solution with 1000 ppm SSF CI-4. The EIS spectra 
exhibited almost the same features as the low dosage level of 50 ppm. However, the diameter of 
the semicircular capacitive loop was smaller than that of low dosage level, which indicates the 
corrosion resistance at the high dosage is lower than that of the low dosage level. The 
electrochemical parameters obtained are presented in table 14. The IER% data calculated by 
equation (9) are also included in table 14.  

 

 
 

Figure 35. EIS spectra for the carbon steel in 1 M NaCl solution at pH 4.6 with 1000 ppm SSF 
CI-4 after 1 hour, 8 hours, 1 day, 3 days and 7 days’ exposure. 

 

The variation of Rp value and IER% with time are showed in figure 36 and figure 37, 
respectively. The Rp value decreased a little after 3 days’ exposure and then increased 
significantly after 7 days. The IER% for the high dosage of SSF CI-4 reached to 20% after 1 day 
exposure, decreased after 3 days’ exposure and then reached 22% (circuit b) after 7 days’ 
exposure. In general, the high dosage level for the SSF CI-4 showed inferior inhibition efficiency 
as compared to the low dosage level. 
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Table 14. Parameters obtained from EIS spectra fitting for 1000 ppm SSF CI-4. 

Solution Time 
Rs 

(Ωcm2) 
Rp     

(Ωcm2)  
 

Y0 

(Fcm-2) 
n IER% 

High SSF 
CI-4 8 hours 2.8 925±67 

 
 0.0013 0.69 -3 

 1 day 2.5 1242±253   0.0012 0.65 20 

  Rs 
(Ωcm2) 

Rp     
(Ωcm2) 

Rfilm 
(Ωcm2) 

Rtotal 
(Ωcm2) 

   

 1 hour 2.6 1099±143 35±8 1134±150 0.0013 0.81 6 

 3 days (a) 2.5 992±106 137±67 1128±144 0.0028 0.81 -5 

 3 days (b) 2.6 831±101 391±136 1222±152 0.0010 0.90 3.2 

 7 days (a) 2.6 1736±123 104±63 1841±185 0.0029 0.73 18 

 7 days  (b) 2.6 1671±130 275±71 1945±186 0.0015 0.74 22.2 

 

 

 
 

Figure 36. The variation of the Rp obtained from EIS with exposure time for 1000 ppm SSF CI-4, 
obtained from circuit (a) and circuit (b), respectively. 
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Figure 37. The variation of the IE% obtained from EIS with exposure time for 1000 ppm SSF 
CI-4, obtained from circuit (a) and circuit (b), respectively. 

 

Figure 38 shows the results of LPR measurements for the high dosage SSF CI-4 after different 
exposure times. The Rp and IE% obtained from the LPR measurements are given in table 15. The 
inhibition efficiency and variation with time are similar with that calculated from EIS results.  

 

 
Figure 38. Linear polarization results (I vs. E plots) for 1000 ppm SSF CI-4 after different 
exposure times (1 hour, 8 hours, 1 day, 3 days and 7 days). 

 



38 

 

Table 15. Parameters obtained from LPR measurements for 1000 ppm SSF CI-4. 

Solution Time Rp (Ωcm2) IER%(LPR) 

High SSF CI-4 1 hour 1120±238 25 

 8 hours 830±75 -2 

 1 day 1275±235 30 

 3 days 1284±78 25 

 7 days 1690±53 31 

 

Potentiodynamic Polarization Curve for inhibitor SSF CI-4 at high dosage level  

Figure 39 shows the potentiodynamic polarization curves of carbon steel in 1 M NaCl solution 
without and with 1000  ppm SSF CI-4 after 7 days exposure. The curves are similar to that of the 
low dosage level. The corrosion kinetic parameters obtained from the polarization curves are 
included in table 5. At the high dosage level, the corrosion efficiency calculated through 
corrosion current density (icorr) is 77% after 7 days’ exposure, lower than that of the low dosage 
level. The results suggest that the surface was fully covered by an inhibitor film already at the 
low dosage, and the higher dosage did not improve protection. The lower inhibition efficiency at 
the high dosage may be due to some interaction (e.g., agglomeration) of the inhibitor molecules 
in the solution and thus reduce the adsorption onto the surface. Further study is needed to clarify 
this issue. 

 
Figure 39. The potentiodynamic polarization curves of carbon steel in 1 M NaCl solution at pH 
4.6 without and with 1000  ppm inhibitor SSF CI-4 after 7 days’ exposure. 
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4.8 Mussel adhesive protein (MAP) at 50 ppm dosage 
Figure 40 shows the EIS spectra obtained at the open-circuit potential during one week for 

carbon steel in 1 M NaCl solution without and with 50 ppm MAP. All the spectra exhibit one 
time constant feature, and the diameter of the semicircular capacitive loop increased with 
exposure time, which indicates the increase in the corrosion resistance of the system. The simple 
equivalent circuit (figure 8) could be used to fit the experiment data quite well. The 
electrochemical parameters obtained are presented in table 16. The inhibition efficiency IER%  
data calculated by equation (9) are also showed in the table 16. 

  
(a) 

  
                                                                         (b) 

Figure 40. EIS spectra for the carbon steel in 1 M NaCl solution at pH 4.6 without (a) and with 
50 ppm MAP (b), after 1 hour, 8 hours, 1 day, 3 days and 7 days’ exposure. 
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Table 16. Parameters obtained from EIS spectra fitting for blank and 50 ppm MAP. 

Solution Time 
Rs   

(Ωcm2) 

Rp        
(Ωcm2) 

Y0  
(Fcm-2) 

n IER% 

Blank 1 hour 15.3 404±38 0.000209 0.81  

 8 hours 16.7 629±26 0.000243 0.84  

 1 day 15.4 660±29 0.000242 0.85  

 3 days 15.7 586±46 0.000299 0.89  

 7 days 14.1 605±58 0.000311 0.92  

50 ppm MAP 1 hour 14.7 509±35 0.000176 0.80 21 

 8 hours 16.0 652±54 0.000192 0.80 4 

 1 day 15.4 813±83 0.000194 0.80 19 

 3 days 14.8 797±81 0.000195 0.82 27 

 7 days 15.0 1121±138 0.000165 0.82 46 

 

For the blank measurements without MAP, the Rp value was rather stable over the exposure 
time. In 50 ppm MAP solution, the Rp value increased with time. The variation of Rp and IER% 
with time are showed in figure 41 and figure 42, respectively. The inhibition efficiency 
decreased after 8 hours, and then increased with time and reached to 46% after 7 days’ exposure.  

 
Figure 41. The variation of the Rp obtained from EIS with exposure time for 50 ppm MAP. 
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Figure 42. The variation the IER% obtained from EIS with exposure time for 50 ppm MAP. 

 

The results from the LPR measurements are shown in figure 43, and the Rp and IER% values 
obtained are given in table 17. The Rp and IER% values are similar to that obtained from the EIS 
results.  

 

 
Figure 43. Linear polarization results (I vs. E plots) for 50 ppm MAP after different exposure 
times (1 hour, 8 hours, 1 day, 3 days and 7 days). 
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Table 17. Parameters obtained from LPR measurements for blank and 50 ppm MAP. 

Solution Time Rp (Ωcm2) IER%(LPR) 

Blank 1 hour 420±43  

 8 hours 693±36  

 1 day 682±40  

 3 days 615±43  

 7 days 653±55  

MAP 1 hour 486±30 14 

 8 hours 65±54 -6 

 1 day 757±91 10 

 3 days 757±103 19 

 7 days 1024±83 36 

 

 

Potentiodynamic Polarization Curve for 50 ppm MAP  

As can be seen from figure 44, the cathodic current density decreased by the addition of MAP, 
and the anodic one was almost the same as the blank, indicating that MAP acted as cathodic type 
inhibitor. The kinetic parameters obtained from polarization curves are given in table 18. The 
corrosion inhibition efficiency calculated for 50 ppm MAP is 12% after 7 days’ exposure. 

 
Figure 44. The potentiodynamic polarization curves of carbon steel in 1 M NaCl solution at pH 
4.6 without and with 50  ppm MAP after 7 days’ exposure. 
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Table 18. Kinetic parameters and inhibition efficiency obtained from the polarization curves for 
50 ppm MAP. 

Solution ba bc I (uAcm-2) Eo IE% 

Blank 78 176 33±4 -0.65  

50 ppm MAP 50 383 29±3 -0.64 12 

 

 

4.9 Comparison between EIS and LPR 
The polarization resistance Rp can be obtained both from EIS and LPR measurements. LRP is 

a fast technique and often takes only minutes to complete. EIS measurement is a more accurate 
and advanced technique than LPR measurement. Usually an equivalent circuit (including 
solution resistance Rs, polarization resistance Rp) is used to fit the EIS data. So both Rp and Rs 
values can be obtained from EIS measurement. The EIS measurement can also provide some 
other information, e.g., film formation, about the corrosion system. In contrast, the Rp value 
obtained from LPR measurement may have errors caused by the solution resistance, which can 
be significantly large if the solution resistance is large. Sometimes, the current-potential 
relationship in the LPR result is not linear, which make it difficult to obtain accurate Rp value.  

 
4.10 Information from EIS and PD 

Through the EIS technique, the polarization resistance Rp, solution resistance Rs and other 
parameters can be obtained through spectra fitting, using proper equivalent circuit. However, 
different electrical circuits may be used to fit the complicated experimental spectra, i.e. more 
time constants, and this lead to some uncertainty in the interpretation of the results.  

Based on polarization resistance data, the inhibition efficiency can be calculated as: 

IER(%) = Rp−R0
Rp

× 100                                             (9) 

Where Rp and R0 are the polarization resistances values obtained with and without inhibitor, 
respectively. Strictly speaking, equation (9) means the normalized change of corrosion resistance, 
rather than the normalized change of corrosion rate. 

For the PD technique, the corrosion current Icorr, the corrosion potential Ecorr, anodic Tafel 
slope ba and cathodic Tafel slope bc can be obtained though, e.g., LEV method fitting. The LEV 
method can avoid the error by using the default Stern-Gary constant in the software. However, 
errors may occur when choose the range of the curve for the fitting.  

Based on corrosion current density data, the inhibition efficiency can be calculated as: 
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  IE(%) = icorr−iinh
icorr

× 100                                         (15) 

Since the corrosion current density is directly related to the corrosion rate of the system, so the 
efficiency obtained though PD method is a more direct measurement of the decrease in the 
corrosion rate.  

Since EIS is a non-destructive method, it can be performed repeatedly on the same sample 
after different time intervals to monitor the change of corroding systems, therefore film 
formation and stability of the inhibitor films can be evaluated. Whereas the PD measurement can 
only be performed once for one sample because the measurement will modify the sample surface, 
and thus it is only performed at the end of the exposure. From the change in the PD curves 
caused by addition of the inhibitor, it is possible to judge the type of inhibitor, i.e., anodic, 
cathodic, or mixed type, which gives some mechanistic information of the inhibitor action. In 
practice, EIS and PD are often combined to gain complementary information.  

  Sometimes, these two different ways of measuring inhibition efficiency may give different 
results. In this study, there are large differences between the inhibition efficiency obtained by 
EIS and the inhibition efficiency obtained by PD, e.g., SSF CI-4 and SSF CI-6.  

 

4.11 The film forming process of the inhibitors  
For inhibitors SSF CI-1, SSF CI-2, SSF CI-4 and SSF CI-5, at the initial stage of exposure, 

two time constants appeared in the EIS spectra, more clear in the phase angle of Bode plots. 
However, for blank and inhibitor SSF CI-6, just one time constant feature in Bode plots. The 
possible explanation is the solubility of the inhibitors, SSF CI-1, SSF CI-2, SSF CI-4 and SSF 
CI-5 are amines, and as such protonated are more hydrophilic/water soluble at lower pH. The pH 
needed for water solubility varies depending on the molecular structure (pKa) etc. In the use as 
oilfield corrosion inhibitors this kind of amines are most commonly made water soluble (if 
desired) by adding at least equimolar amounts of acetic acid (or similar), thus forming the acetate 
salt. Decreasing the pH (e.g., to 4.2) should give reasonable water solubility, which may vary for 
the different inhibitors. However, SSF CI-6 is a quaternary ammonium compound, and thus 
water soluble more or less independent of pH. Depending on the status of absorbed inhibitor 
combine with the air-formed oxide film at the initial stage of exposure, the inhibitors may 
provide high corrosion protection like SSF CI-2; little corrosion protection like SSF CI-4 and 
SSF CI-5; or even negative corrosion protection like SSF CI-1.  

Two time constants appeared in the EIS spectra for all the inhibitors after 7 days’ exposure. 
This may due to the formation of resistive surface film on the sample. If the film is compact and 
it grows together with corrosion products (Fe oxide/hydroxide), the inhibition efficiency is 
expected to increase with even longer time.   
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5. Conclusions  
Base on electrochemical measurements inculding electrochemical impedance spectroscopy 

(EIS), linear polarization resistance (LPR) and potentiodynamic polarization (PD), the following 
conclusions can be made:  

The EIS measurements reveal different inhibition properties and evolution with time of the 
inhibitors tested. For SSF CI-1, the inhibition effect of is very low initially, but increases steadily 
with time. SSF CI-2 exhibits a good inhibition effect in the first hour, but the effect decreases 
with time to a low level after 8 hours. SSF CI-4 shows a low inhibition effect during the first day, 
and then increases to a maximum level after three days. For SSF CI-5 and SSF CI-6, the 
inhibition effect within 8 hours is relative low but higher than that of SSF CI-4, and the effect 
increases with time during prolonged exposure. The SSF CI-5 seems to have more stable 
inhibition effect than SSF CI-6. Different from other inhibitors, SSF CI-6 does not show an 
effect of formation of a resistive film on the surface in the initial period, probably due to its high 
water solubility. The solubility of inhibitors may affect the initial film-forming properties. All 
the inhibitiors form a resistive film formed on carbon steel after 7 days’s exposrue, leading to an 
increased corrosion protection.  

Polariation curves indicate that SSF CI-1, SSF CI-2 are anodic type of inhibitors, and SSF CI-
4 is cathodic type inhibitor. SSF CI-5 and SSF CI-6 are mixed type inhibitors, in accordance with 
the fact that they are polymeric inhibitors.  

High dosage (1000 ppm) of SSF CI-4 gives a lower inhibition effect than the low dosage (50 
ppm). Moreover, mussel adhesive protein (MAP) at the low dosage (50 ppm) shows similar 
inhibition properties as the inhibitors tested and relatively low the inhibitors effect. 
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6. Suggestions for future work  
 Investigate the corrosion inhibitors at different exposure conditions. 

 FT-IR should be performed to investigate absorption mechanism of the inhibitors.  

 More advanced techniques should be applied to investigate the inhibition properties: e.g., in 
situ AFM observation of the film-formation process, XPS and Raman measurements should 
be performed to analyze the composition and structure of the surface films. 
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Abstract 
  The use of inhibitors is one of the most appropriate methods for protecting metals 
and alloys against corrosion. Traditional corrosion inhibitors such as chromate, 
dichromate, heterocyclic compounds containing O, S and N have good inhibition 
efficiency. However, most of these compounds have a negative impact to the 
environment and toxic living beings. Recently, corrosion research in this area is 
oriented to develop environmentally benign corrosion inhibitions, e.g., organic 
compounds showing good inhibition efficiency and environmentally acceptable. This 
report gives a review of green organic corrosion inhibitions developed in recent years 
for metal and alloys, mainly steel in various aggressive media.  
 
1. Introduction  

Metals and alloys are widely used in aggressive environments, such as acids, 
seawater, and caustic solutions, in industry. Chemically/electrochemically reactions 
occur at the interface between the corrosive medium and the surface of the metals, 
which result in metal dissolution into the solution and the formation of corrosion 
product.  

Among the methods applied to control the corrosion, use of corrosion inhibitors is 
very common. Corrosion inhibitors are chemical substances added in a small amount 
to corrosive solution, in order to decrease the corrosion rate. Organic inhibitors may 
form a protective layer (film) on the metal surface through chemisorption or 
physisorption. Inhibitors increase the corrosion resistance by [1

• Decreasing the anodic and/or cathodic reaction rate 
]: 

• Decreasing the diffusion rate for reactants to the surface of the metal 
• Decreasing the electrical resistance of the metal surface 

Corrosion inhibitors are added to various industrial systems viz., potable (drinking) 
water, cooling water systems, automobile engine cooling system, refinery units etc. [2]. 
However, many of the traditionally used corrosion inhibitors (chromate and heavy 
metals, amines and imidazoline, etc.) have high toxicity impact to environment and 
cause health risk issues. Nowadays, extensive efforts have been made to develop 
“green”, smart, safe and multifunctional corrosion inhibitors [3]. Many alternative 
environmentally benign inhibitors have been developed, such as tryptamine, caffeic 
acid, succinic and nature corrosion inhibitors. This review focuses on literature 
reports of film-forming green inhibitors for metals in various aggressive media. 
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2. Chemically synthesized inhibitors 
There are many reports in literature about testing/development of green novel 

chemically synthesized inhibitors to replace the traditional inhibitors that have 
negative to environment or toxic to living beings, as briefly summarized below.  

 
S. Deng [4

            

] and coworkers reported the organic dye—acid violet 6B(AV6B) as 
corrosion inhibitors for cold rolled steel in different concentrations of hydrochloric 
acid, investigated through weight loss, potentiodynamic polarization, EIS and FTIR 
analysis. AV6B is a mixed-type inhibitor and surface interactions are shown in table 1: 

Table 1. The interaction between AV6B and the surface of metal  
Electrostatic attraction 
Sharing electrons between the N,O atoms and Fe 
Donor acceptor interactions between π-electrons of conjugated double bonds and 
vacant d-orbitals 
Hydrogen bond between –SO3H and H2O 
Adsorption of the complexes of [AV6B-Fe]4+ and [AV6BHX-Fe])(2+x)+ 
 
G. Moretti [5] investigated the effects of tryptamine on anticorrosion mechanism of 
ARMCO steel in deaerated H2SO4 by means of potentiodynamic curves and EIS. At 
concentration 10-2 M, tryptamine effectively inhibits the corrosion of ARMCO iron 
even at long-time tests (≥  72 h). P. Lowmunkhong [6

 

] studied the inhibit effect of 
tryptamine on mild steel in 0.5 M hydrochloric acid solution at 303 K using LPR, 
potentiodynamic polarization and EIS techniques. The adsorption isotherm obeys the 
Langmuir isotherm with standard free energy around -35.07 KJ/mol. Chemisorbed 
tryphamine forms a protective film on the surface of mild steel.  

Organic phosphonate (ELP, DELP, LPA) were studied by X.H. TO [7

 

] through 
electrochemical measurements, IR spectroscopy and SEM. Only ELP forms a thick 
and porous protective film on the surface of mild steel. Optimum anticorrosion film 
can be obtained under the conditions: 24 h of immersion and 5% ELP. 

Caffeic acid was reported as a benign corrosion inhibitor for carbon steel [8], studied 
by weight loss, potentiodynamic polarization, EIS and Raman spectroscopy. The 
inhibit mechanism is by blocking the cathodic surface sites and changing the 
activation energy of anodic reaction. Morevoer, T. Fallavena and coworker [9

 

] studied 
the anticorrosion properties of caffeine (1,3,7-trimethylxanthine) on copper in KNO3 
medium with and without addition of chloride. 

M.A. Amin et al. [3] reported corrosion inhibition of succinic acid (SA) for mild steel 
in aerated HCl solutions from Ph 2 to Ph 8, by means of weight loss, potentiodynamic 
polarization and EIS measurements, and SEM and EDX analysis. The absorbed 
inhibitor film on the metal surface decreases the cathodic reaction rate and 
significantly inhibits the dissolution of metal to HCl solutions (anodic reaction). 
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M. Salasi [10

 

] and coworkers used EIS and Tafel polarization to investigate inhibition 
efficiency of sodium silicate and 1-hydroxyethylidene-1,1-diphosphonic acid (HEDP) 
on mild steel in aerated soft water. Sodium silicate and HEDP show maximum 
efficiency at 30 ppm and 25 ppm, respectively, above that the efficiency decreases. 
Optimum inhibition can be obtained at the conditions: mix of 15 ppm silicate and 10 
ppm HEDP. Antagonistic behavior occurs for 15 ppm HEDP and 15 ppm silicate 
mixed.  

Z. Tao [11

 

] and coworker investigated inhibiting action of oxo-triazole derivative 
(DTP) on mild steel in 0.5 M H2SO4 through weight loss, potentiodynamic 
polarization, EIS and SEM analysis. DTP is a mix type corrosion inhibitor, and the 
absorption model follows the Langmuir adsorption isotherm.  

Polyvinyl alcohol–sulphanilic acid (PVASA) was synthesized and its corrosion 
inhibition efficiency for low carbon steel in 1 M HCl was studied by M. Srimathi [12

 

] 
using FTIR, weight loss method, potentiodynamic polarization and EIS measurements. 
Formation of PVASA composite film was established by FTIR, which followed the 
Langmuir isotherm. And the maximum anticorrosion efficiency is around 88% under 
the condition: 6000 ppm and 24 hours. 

The anticorrosion effect of L-ascorbic acid on mild steel in H2SO4 medium with pH 
range from 2 to 6 was reported by E.S. Ferreira etc.[13

  

], by the means of weight loss 
measurement. The corrosion inhibition mechanism is the adsorption of AA oxidation 
product (DHA) onto the surface of steel samples. 

E.E. Oguzie [14

 

] have studied the corrosion inhibition properties of methionine (MTI) 
on mild steel in 0.5 M H2SO4 using electrochemical techniques and AFM. Corrosion 
rate decreases with increasing MTI concentration and the inhibition effect is 
synergistically enhanced in the addition of KI, with the maximum inhibition 
efficiency for [KI]/[MTI] ratio of 1/1.  

The inhibiting property of 12-aminododecanoic acid (AA) on mild steel in 
CO2-saturated HCl medium was reported [15

 

]. The inhibition mechanism of AA is 
through forming a surface SAM and the maximum inhibition efficiency observed is 
around 98.1 ± 0.1%. 

M.O zcana and coworkers [16

 

] compared the corrosion inhibition effect of Barbituric 
acid (BA), 5,5-dietylbarbituric acid sodium salt (DEBA) and thiobarbituric acid (TBA) 
for mild steel in phosphoric acid, through EIS, linear polarization resistance (LPR) 
and polarization curve measurements. TBA shows the best efficient and BA the least. 
The inhibition of TBA is enhanced by I− addition at a concentration of 7.87×10−3M. 

An environmentally friendly all-organic multi-component inhibitor: citric 
acid/phosphonates (hydroxy ethylidene diphosphonic acid, HEDP)/acrylate 
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copolymer/isothiazolone for open recirculating cooling systems was investigated by 
D.-J. Choi [ 17

 

] by means of weight loss, electrochemical, scale (establish the 
inhibition efficiency for scale build-up process), microorganism techniques (assess the 
property of the inhibitor to control the specific growth of selected test 
microorganisms), SEM and AES techniques. Protective films including calcium, 
phosphorous and iron was formed on the surface of steel. Due to the crystal 
modification effect, the inhibitor showed a good anticorrosion efficiency of 95.5 % 
for the calcium carbonate scale. 

I.B. Obot et al. [18] reported the corrosion inhibition effect of xanthone on low carbon 
steel in 0.5 M H2SO4 solutions using weight loss and UV-visible spectrophotometric 
measurement at temperature range: 303-333 K. Formation of the Fe-XAN complex 
was clearly observed by UV-visible spectrophotometric studies. The corrosion 
inhibition effect of 2,3-Diphenylquinoxaline [19] on mild steel in 0.5 M H2SO4 was 
studied by I.B. Obot using weight loss measurement at 303K. 2,3DPQ showed great 
inhibiting proprieties. The inhibition effect of antifungal drugs- Clotrimazole (CTM) 
and Fluconazole (FLC) [20

 

] on Al in HCl solution at 303K and 323K was also 
reported using weight loss method. CTM exhibited better inhibition effect than FLC.  

3. Nature products as corrosion inhibitors 
  Nature products as inhibitors have the advantages like: totally environmentally 
friendly, relatively cheap, and renewable sources. So many alternative “environmental 
benign” anti corrosion agents derived from nature products have been developed, they 
including plant extracts, direct nature product, and biological molecules. 
 
C. Kamal et al.[21

 

] studied the corrosion inhibit efficiency of spirulina platensis on 
mild steel in 1 M HCl and 1 M H2SO4 at temperature range from 303 K to 323 K by 
weight loss method, potentiodynamic polarization, EIS and SEM. Spirulina platensis 
is a concentration dependent inhibitor and shows a better corrosion efficiency in 
H2SO4 solution.  

The extracts of Zenthoxylum alatum plant were analyzed for their corrosion inhibitive 
effect of mild steel at different phosphoric acid solutions (20, 50 and 88 %) [22

 

], 
through weight loss, EIS, XPS and FTIR measurements. The plant extracts showed 
better inhibit efficiency in 88 % phosphoric acid solution than the other two 
conditions. XPS and FTIR suggested that the formed inhibitor films consist of plant 
extract compounds, iron oxide and iron phosphate.   

The anticorrosion effect of aqueous extract of olive leaves in 2M HCl on carbon steel 
has been studied by A.Y. El-Etre [23], using weight loss, tafel polarization and cyclic 
voltammetry. The olive leaves extract physical absorbs on the surface of the steel, and 
modify the corrosion activation energy. A.Y. El-Etre [24] also reported that the nature 
honey is a good inhibitor for low carbon steel in saline water. As the time increase, the 
growths of the fungi in the solution result in the decreasing of inhibit effect. Moreover, 
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A.Y. El-Etre [25

 

] investigated the corrosion inhibit action of natural honey for cooper 
in neutral aqueous medium. 

Salvia aucheri mesatlantica oil [ 26

 

] extracted from Salvia aucheri Boiss. var. 
mesatlantica showed good corrosion inhibition effect for steel in 0.5 M H2SO4. The 
anticorrosion effect enhances with both the concentration of S. aucheri mesatlantica 
oil and the medium temperature.  

M.A. Amin [ 27

 

] compared the inhibition effect of newly synthesized glycine 
derivative (GlyD1), 2-(4-(dimethylamino)benzylamino)acetic acid hydrochloride with 
the glycine derivative (GlyD2) and glycine (Gly), by using ICP-AES, tafel 
extrapolation, linear polarization resistance (LPR) and EIS measurement. GlyD1 
exhibits better corrosion inhibition efficiency than Gly and GlyD2.  

The corrosion inhibition effect was reported by M.A. Amin [28] for three selected 
amino acids: alanine (Ala), cysteine (Cys) and S-methyl cysteine (S-MCys) for iron in 
aerated stagnant 1 M HCl medium, using Tafel polarization, EIS, EFM and ICP-AES. 
Results showed that Ala acts mainly as a cathodic inhibitor, while Cys and S-MCys 
worked as mixed-type inhibitors. Due to the mercapto group in Cys molecular 
structure, Cys exhibited the best inhibition efficiency, and Ala was inferior to S-MCys. 
Gökhan Gece [ 29

 

] also conducted a theoretical research on the anticorrosion 
efficiencies of some amio acids as corrosion inhibitors for nickel. The theoretically 
gained results were found to be consistent with the experimental data 

I.E. Uwah [30

 

] and coworkers reported the ethanol extracted from Nauclea latifolia as 
corrosion inhibitor for carbon steel in H2SO4 using weight loss and gasometric 
analyse. The ethanols exacted from three parts of the plant: leaves (LV), bark (BK) 
and roots (RT). The trends of the inhibit efficiency observed is: RT> LV >BK.  

Olusegun K [31

 

] investigated anticorrosion effect of aloe vera extract for zinc in 2 M 
HCl, by means of weight loss measurement. The adsorption model follows the 
Langmuir adsorption isotherm.  

The inhibit effect of modified cassava starches for mild steel in 200 mgL−1 NaCl 
solutions was investigate by Marisela Belloa etc. [32

 

]. The efficiency of the inhibitor 
relies on the number and types of active groups exist in the macromolecules.  

Olusegun K. Abiola [33

 

] and co workers studied that inhibition effect of Gossypium 
hirsutum L. leave extracts (GLE) and seed extracts (GSE) for aluminum in 2 M 
NaOH solution using chemical technique (weight loss method). The GLE shows 
better inhibitor efficiency than GSE. 

U.M. Eduok et al. [34] investigated the synergistic anticorrosion properties between 
leaves and stem extracts of sida acuta and iodide ion for low carbon steel in 1 M 
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H2SO4 by means of weight loss and hydrogen evolution technique at temperature 
range from 303 to 333 K. The inhibition effect increases with addition of iodide ions. 
Cocos nucifera L. water as benign corrosion inhibitor for Al in 0.5 mol/L HCl was 
investigated by O.K. Abiola [ 35 ] by using chemical technique (weight loss 
measurement). The corrosion inhibitive properties of henna and its main compounds 
(lawsone, gallic acid, α-d-Glucose and tannic acid) [36

 

] on mild steel in 1M HCl was 
studied by polarization measurements, SEM and EDS. Anticorrosion efficiency of the 
compounds enhances in the order: lawsone > henna extract > gallic acid > 
α-d-Glucose > tannic acid. 

P.B. Raja et al.[37

 

] studied the corrosion inhibitive properties of the extract of black 
pepper on carbon steel in 1 M sulphuric acid solution at temperature range 303-323 K, 
using weight loss, Tafel polarization, EIS and SEM. Black pepper extract is mixed 
type inhibitor and shows good corrosion inhibiting effect even at high temperatures. 

The extracts of Nigella Sativa (Family Ranunculacease), Coriandrum Sativum 
(Family Umbelliferea) and Ricinus communis (Family Euphorbiaceae) were 
investigated by Y. F. Barakat et al. [38

 

], using galvanostatic anodic and cathodic 
polarization method. Both cathodic and anodic polarization curves were affected by 
these extracts, which showed that the extracts function as mixed-type inhibitors. 

M.A. Quraishi et al. [39

 

] investigated anti-corrosion effect of the extract of Murraya 
koenigii leaves on mild steel in 1 M HCl and 0.5 M H2SO4 solutions by means of 
weight loss, potentiodynamic polarization, linear polarization and EIS. Murraya 
koenigii extract shows a better efficiency in HCl medium.  

The inhibition effect of water and alcoholic extracts of Medicago Sative (MS) on steel 
in 2.0 M H2SO4 +10% EtOH was analyzed by A.M. Al-Turkustani [40

 

], using weight 
loss, hydrogen evolution, potentiodynamic polarization, EIS and SEM. Water and 
alcholic extracts function as mixed type inhibitors and exhibited similar efficiency, 
and the efficiency increased as the M. Sative (MS) concentration increased. 

The anticorrosion effect of mussel adhesive protein (Mefp-1) derived from the marine 
mussel Mytilus edulis on mild steel in NaCl medium at pH 4.6 was studied by F. 
Zhang [ 41

 

] using EIS, potentiodynamic polarization and AFM. The inhibition 
efficiency is influenced by the chloride concentration and varies with time.  

4. Conclusion  
As the environmental issue has become human consensus, developing “green”, 

smart, safe and multifunctional corrosion inhibitors is a new orientation in corrosion 
inhibitor research. Chemically synthesizing environmental benign inhibition 
compounds and finding nature corrosion inhibitors are the most promising ways. It is 
great to see that reported maximum inhibition efficiency was 99 %. However, more 
investigation is needed to gain the deep understanding of the inhibition mechanism. 
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