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Abstract — Optimization for Imidazoline based mixture as corrosion inhibitor in 3 wt% NaCl solution saturated with CO2 for 
KO80SS steel was systematically developed using the Response Surface Methodology, RSM, approach. A three-factor three-level 
Box-Behnken Design (BBD) was conducted with the aim of producing a predictive quadratic equation model for the corrosion rates 
on the basis of adequate single-factor experiments. The model showed a very satisfactory correlation between actual values and 
calculated values because of the higher determination coefficient of 0.9998. The interactive effects of three factors, the different 
concentration of MI, TEOA and THU were also evaluated. The minimum corrosion rate of 0.0008 mg·cm-2·h-1 and corresponding 
inhibition efficiency of 99.83% were estimated under the optimum conditions at 280 mg·L-1 MI, 156 mg·L-1 TEOA and 78 mg·L-1 
THU at 10 MPa and 353 K. The confirmation experiment of the predicted optimum conditions verified that the RSM approach 
with BBD was reliable for optimizing the inhibitor by means of weight loss measurements. Potentiodynamic polarization 
measurements indicated that the optimized inhibitor acted essentially as a mixed type one. Morphology observation of specimen 
surface in the absence and presence of the optimized mixture also validated its prominent inhibition through the respective images 
of scanning electronic microscope (SEM). 
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I. INTRODUCTION 

As a sort of primary materials for pipelines and 
equipments, KO80SS steel has been widely used in energy 
exploitation, gas treatment, oil refinery, and so on. CO2 is a 
naturally occurring constituent found in these processes. 
Therefore, KO80SS steel employed are susceptible to be 
suffered corrosion particularly in such working condition 
containing dissolved CO2 in produced brines [1-3]. The 
utilization of inhibitors is one of the most practical methods 
to protect KO80SS steel against CO2 corrosion and hence 
increase the service life of steel materials. Many specific 
organic molecules rich in heteroatoms such as sulphur, 
nitrogen, oxygen, phosphor and aromatic rings or multiple 
bonds may considerably reduce corrosion rate [4-7]. A great 
number of scientific researches have been devoted to the 
subject. Review of literature reveals that the metallic 
corrosion in aggressive media has been investigated using 
thiophene, quinoline, pyridine, Imidazoline and some 
thiourea derivatives as corrosion inhibitors [8-12]. However, 
the disadvantages of such single inhibitors are inevitably 
prone to be disturbed and even failed under very severe 
environment. An inhibitor mixture which includes different 
anticorrosion components and functional additives exhibits 
more remarkable properties in contrast to the single ones. 
The mechanism is usually explained that the adsorptive film 
as insoluble compact diffusion barrier, which formed by 
various inhibitor molecules interacting with metal surface at 
active adsorption sites caused by electrostatic attraction, will 

greatly prevent metal reaction and dissolution in virtue of 
synergistic inhibition effect [13-15]. 

The choice of Imidazoline derivatives is primarily ground 
on their well-known inhibition effects but much less 
attention has been paid to the optimization of these 
compounds. The performance of inhibitor mixture is 
extremely dependent upon the dosages and proportions for 
their compositions [16]. The rational addition not only 
enhances consistency of adsorptive film on metal surface but 
also improves the integrated inhibition characteristics of the 
mixture. 

The RSM approach is a reasonable combination of 
mathematical and statistical techniques that is useful for 
evaluating the effects of individual factors, their interactive 
effects, and to optimize the whole technical process [17-19]. 
It could be potentially applied in the optimization of inhibitor 
mixture for KO80SS steel to keep its endurance, cost-
effectiveness and predominant stability. 

In the present work, we systematically investigated the 
Imidazoline base mixture for KO80SS steel in order to 
obtain optimum conditions for minimum corrosion rate and 
corresponding inhibition efficiency in 3 wt% NaCl solution 
saturated with CO2 at 10 MPa and 353 K by weight loss 
measurements using the RSM approach. This study 
examined the individual and interactive influences of MI 
concentration, TEOA concentration and THU concentration. 
Potentiodynamic polarization measurements and SEM 
techniques were also utilized to analyze the action 
mechanism of inhibitor mixture and observe the surface 
morphology of tested specimens. The experimental results 
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are considered to be valuable in better understanding and 
control of corrosion process. 

II. EXPERIMENTAL 

A. Material and sample preparation 

The selected inhibitor mixture essentially contained 
Imidazoline derivative MI as main inhibitor, organic amine 
TEOA as secondary inhibitor and THU as additive according 
to our earlier filtration and comparison work. The compound 
of MI, namely 1-benzyl-1-(2-(4-(dimethylamino) 
benzamido)ethyl)-2-(4-(dimethylamino)phenyl)-4,5-
dihydro1H-imid-azol-1-ium chloride, was carefully 
synthesized from p-(dim-ethylamino)-benzoic acid, 
diethylenetriamne and benzyl chloride [20]. The obtained 
product was completely purified and characterized by 
nuclear magnetic resonance (NMR) spectroscopy, Fourier 
transform infrared (FTIR) spectros-copy and element 
analysis before use. All chemicals purchased were of 
analytical reagent grade and the solutions were prepared 
using double distilled water. The molecular structure of MI 
was shown in Figure 1. 

 

Figure 1.  The molecular structure of the investigated Imidazoline 
derivative MI. 

The aggressive media of 3 wt% NaCl solution saturated 
with CO2 was prepared. The solution was deaerated by 
purging high purity N2 for 2 h before experiment start. The 
oxygen concentration of the solution was measured with a 
PreSens Fibox 3 instrument and kept below 40 ppb during 
the whole experiment. To avoid the presence of air, a 
positive pressure was maintained throughout the tests. The 
solution in the absence of corrosion inhibitors was taken as 
blank for comparison. 

KO80SS steel had a percent composition of C 0.25, Si 
0.41, Mn 0.22, P 0.006, S 0.006, Mo 0.32 and the rest being 
Fe was employed. The steel specimens were mechanically 
cut into 50 mm×10 mm×3 mm dimensions for weight loss 
experiments. For electrochemical experiments, the 
specimens were embedded in araldite and exposed the 
surface area of 1 cm2 to electrolyte. Prior to all 
measurements, the samples were polished with different 
emery paper to 1200 grade, degreased with acetone, washed 
thoroughly with distilled water, dehydrated with ethanol and 
dried in room temperature. 

B. Weight loss measurements 

The steel specimens were immersed in aggressive 
solution for 9 h at 10 MPa and 353 K to determine the 
weight loss by Cortest autoclave system and Mettler Toledo 
balance. Duplicate experiments were conducted in each case. 

The final results obtained in origin and duplicate sets agree 
and average mass loss was recorded. 

Corrosion rate (W) of KO80SS steel was calculated as 
follows: 

 W=Δm/(S∙t)

where Δm was mass loss, S was the total area of 
specimens and t was immersion time. 

Inhibition efficiency (IEW) was calculated by applying 
the following equation: 

 IEW=(W0-W)/W0×

where W0 and W were the corrosion rates of KO80SS 
steel without and with inhibitors, respectively. 

C. Experimental design 

The RSM approach is a set of experimental designs that 
can be precise, economical and relatively easy to use and 
many researchers used it for modeling processes, analyzing 
statistic and obtaining a predictive result [21, 22]. There are 
some notable advantages for the RSM approach. It has 
abilities to evaluate the effects of interactions between 
independent variables and minimize the number of actual 
experiments in comparison with classical methods for the 
same estimated factors [23]. Box-Behnken design (BBD) 
and Central composite design (CCD) are commonly utilized 
for three to six factors [24]. 

In general, some factors that might affect inhibition 
capacities of the corrosion inhibitor usually cover types of 
adopted steel, components of aggressive media, inhibitor 
concentration, pressure, temperature, and so on [25]. In this 
study, the emphasis was focused on the concentration of MI, 
TEOA and THU (CMI, CTEOA, CTHU) in Imidazoline base 
mixture for KO80SS steel at 10 MPa and 353 K. The 
designation of these system parameters is to furthest simulate 
possible working condition such as higher pressure and 
temperature in the interest of examining inhibition under 
rigorous environment. Thus, these three factors, 
concentration of MI, TEOA and THU, were selected as the 
design variables to optimize the inhibitor mixture. Single-
factor experiments of the three factors were applied to 
determine the appropriate range for the optimization 
experiments. Table Ⅰ described the independent variables at 
three levels based on preliminary study which was already 
discussed. 

TABLE I.  PROCESS VARIABLES WITH EXPERIMENTAL RANGE AND 
LEVELS 

Process variable Low level Middle Level High level 

CMI (mg·L-1), X1 250 (-1) 275 (0) 300 (+1) 

CTEOA (mg·L-1), X2 120 (-1) 150 (0) 180 (+1) 

CTHU (mg·L-1), X3 40 (-1) 60 (0) 80 (+1) 
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The experimental design generated by BBD consisting of 
17 runs was adopted because of less number of runs than 
CCD was shown in Table Ⅱ. The experimental data were 
analyzed statistically through Design-Expert 7.0 (trial 
version) software. 

D. Potentiodynamic polarization measurements 

The potentiodynamic polarization measurements were 
performed with PAR 273A Potentiostat/Galvanostat 
(Princeton Applied Research) in a standard three-electrode 
cell. A platinum electrode and a saturated calomel electrode 
(SCE) were used as counter and reference electrodes, 
respectively. The working electrode had the form of a disc 
cut from KO80SS steel sheet. The temperature was 
thermostatically control at 353±1 K. Before polarization 
scanning, working electrode was immersed in the test 
solution for 30 min. Polarization curves were recorded from -
250mV to 250mV relative to open circuit potential with a 
scan rate of 0.5 mV·s-1. All potentials were reported versus 
SCE. In this case, the inhibition efficiency (IEI) is defined as 
follows: 

 IEI=(I0-I)/I0×

where I0 and I were the uninhibited and inhibited 
corrosion current densities, respectively. 

E. SEM investigation 

The surface morphology of KO80SS steel specimens 
after immersion in 3 wt% NaCl saturated with CO2 for 9 h at 
10 MPa and 353 K in the absence and presence of optimized 
inhibitor mixture was carried out by using a Quanta 400 FEG 
scanning electron microscope. The accelerating voltage was 
20kV. 

III. RESULTS AND DISCUSSION 

A. Single-factor experiments of Imidazoline base mixture 

1) Effect of MI concentration 

 

Figure 2.  The corrosion rate by injecting concentration of 100 mg·L-1 
TEOA and 50 mg·L-1 THU at 10 MPa and 353 K as a function of MI 

concentration. 

As shown in Figure 2, the corrosion rate significantly 
decreased with the increase of MI concentration from 150 
mg·L-1 to 275 mg·L-1, and reached a valley at 275 mg·L-1, 
then almost maintained stable. This was presumably due to 

the saturated adsorption for metal surface by MI on the 
condition of fixed concentration of 100 mg·L-1 TEOA and 50 
mg·L-1 THU. Nevertheless, there were still possible voids 
existed in adsorptive film as a result of the gaps of MI 
molecular structure itself. It might bring on higher corrosion 
rate of KO80SS steel while MI molecule containing some 
large rings was adsorbed on the flat surface [26]. 

2) Effect of TEOA concentration 

 

Figure 3.  The corrosion rate by injecting concentration of 200 mg·L-1 MI 
and 50 mg·L-1 THU at 10 MPa and 353 K as a function of TEOA 

concentration. 

It can be seen from Figure 3 that the corrosion rate 
started to decrease with increasing TEOA concentration, and 
reached a minimum at TEOA concentration of 150 mg·L-1, 
followed by a sharp increase with further increase in TEOA 
concentration. An adequate TEOA concentration would 
cause a lower level of the corrosion rate, whereas excessive 
TEOA concentration also caused inferior film properties. 
This was because necessary TEOA could repair the cracks 
and flaws of adsorptive film to secure the attack of metal 
surface on the basis of the anticorrosion effect by main 
inhibitor MI [27]. But too much TEOA would create a steric 
obstacle for forming adsorptive film and weaken corrosion 
resistance. 

3) Effect of THU concentration 

 

Figure 4.  The corrosion rate by injecting concentration of 200 mg·L-1 MI 
and 100 mg·L-1 TEOA at 10 MPa and 353 K as a function of THU 

concentration. 

Figure 4 showed that there was a significant decrease in 
the corrosion rate with increasing THU concentration from 
20 mg·L-1 to 80 mg·L-1, but it then hardly fluctuated with the 
further increase of THU concentration. Although a higher 
THU concentration could induce tiny decrease of corrosion 
rate, the result would not be much improved. The injection of 
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THU greatly facilitated rapid distribution of inhibitor mixture 
in complicated surroundings. The amino functional group of 
THU also simultaneously chelated the five-membered ring 
embedded nitrogen atom and benzene ring of Imidazoline 
derivative MI, the adsorptive film of metal surface became 
more solid and compact with better protection depending on 
donor-acceptor interactions between the π-electrons of MI, 
THU and the vacant d-orbital of iron atoms consequently 
[28]. 

In summary, MI concentration of 250-300 mg·L-1, TEOA 
concentration of 120-180 mg·L-1 and THU concentration of 
40-80 mg·L-1 were selected as the interested range of this 
study. These data would be subsequently used for preferable 
choice of independent variables range using RSM. 

B. Statistical analysis using RSM 

1) Diagnostic checking of the fitted model 

TABLE II.  BBD FOR THREE VARIABLES IN DESIGN-EXPERT 7.0 AND 
CORRESPONDING RESULTS 

Run 
X1 X2 X3 Y1 

CMI 
(mg·L-1),  

CTEOA 
(mg·L-1) 

CTHU  
(mg·L-1) 

W 
(mg·cm-2·h-1) 

IEW 
(%) 

Blank 0 0 0 0.4670 — 

1 250 (-1) 120 (-1) 60 (0) 0.0786 83.17 

2 300 (+1) 120(-1) 60 (0) 0.0525 88.76 

3 250 (-1) 180(+1) 60 (0) 0.0608 86.98 

4 300 (+1) 180(+1) 60 (0) 0.0313 93.30 

5 250 (-1) 150 (0) 40 (-1) 0.0638 86.34 

6 300 (+1) 150 (0) 40 (-1) 0.0268 94.26 

7 250 (-1) 150 (0) 80 (+1) 0.0336 92.81 

8 300 (+1) 150 (0) 80 (+1) 0.0161 96.55 

9 275 (0) 120 (-1) 40 (-1) 0.0509 89.10 

10 275 (0) 180 (+1) 40 (-1) 0.0298 93.62 

11 275 (0) 120 (-1) 80 (+1) 0.0275 94.11 

12 275 (0) 180 (+1) 80 (+1) 0.0099 97.88 

13 275 (0) 150 (0) 60 (0) 0.0152 96.75 

14 275 (0) 150 (0) 60 (0) 0.0146 96.87 

15 275 (0) 150 (0) 60 (0) 0.0150 96.79 

16 275 (0) 150 (0) 60 (0) 0.0152 96.75 

17 275 (0) 150 (0) 60 (0) 0.0148 96.83 

 

According to 17 experimental results of BBD in Table Ⅱ, 
the fit quality of the polynomial model for the corrosion rate 
was expressed by the coefficient of determination R2 and its 
statistical significance was checked by the F-test and p-value 
at the same time. Design-Expert 7.0 suggested a quadratic 
equation for the corrosion rate, as 

 Y1=0.015-0.014X1-9.713×-3X2-0.011X3-8.500×-4X1X2 
+4.875×-3X1X3+8.750×-4X2X3+0.023X1

2+0.018X2
2-3.080 

×1-3X3
2

where Y1 represented the corrosion rate, whereas X1, X2, 
X3 represented MI concentration, TEOA concentration and 
THU concentration, respectively. 

TABLE III.  ANOVA RESULTS FOR THE QUADRATIC EQUATION 
PROPOSED BY DESIGN-EXPERT 7.0 FOR THE CORROSION RATE 

Source SS DF MS F-value p-value 

Model 7.028×10-3 9 7.809×10-4 4734.70 <0.0001 

X1 1.515×10-3 1 1.515×10-3 9187.32 <0.0001 

X2 7.547×10-4 1 7.547×10-4 4575.69 <0.0001 

X3 8.862×10-4 1 8.862×10-4 5373.27 <0.0001 

X1 X2 2.890×10-6 1 2.890×10-6 17.52 0.0041 

X1 X3 9.506×10-5 1 9.506×10-5 576.39 <0.0001 

X2 X3 3.062×10-6 1 3.062×10-6 18.57 0.0035 

X1
2 2.265×10-3 1 2.265×10-3 13735.02 <0.0001 

X2
2 1.311×10-3 1 1.311×10-3 7948.48 <0.0001 

X3
2 3.994×10-5 1 3.994×10-5 242.18 <0.0001 

Residual 1.155×10-6 7 1.649×10-7   

Lack of Fit 8.825×10-7 3 2.942×10-7 4.33 0.0955 

Pure error 2.720×10-7 4 6.800×10-8   

Cor total 7.029×10-3 16    

SS, sum of squares; DF, degree of freedom; MS, mean square. 

The analysis of variance (ANOVA) was depicted in 
Table Ⅲ. The results of ANOVA revealed that the proposed 
model derived by RSM could sufficiently be used to describe 
the corrosion rate, possessing no significant lack of fit, which 
specified that the model prediction was accurate. For the 
model, the predicted versus observed plot for the corrosion 
rate of Imidazoline base mixture was shown in Figure 5. The 
observed points on the plot demonstrated that the observed 
experimental values were relatively distributed near to the 
straight line and indicated satisfactory correlation between 
the observed variables and predicted response on account of 
the determination coefficient R2 of 0.9998. The larger the 
value of R2 the better the model fitted the actual data. A very 
high F-value of 4734.70 and low p-value of <0.0001 
obtained from the model also implied an extreme 
significance for the equation in this study. The corresponding 
variables would be more significant if the F-value became 
greater and the p-value became smaller. In addition, the 
normal probability plot of the internally studentized residuals 
suggested that there was no abnormality in Figure 6. 
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Figure 5.  Predicted values versus observed values of the corrosion rate. 

 

Figure 6.  Normal probability plot of the studentized residuals of the 
corrosion rate. 

According of the corresponding p-values summarized in 
Table Ⅲ, the statistical analysis demonstrated that the test 
variables used in this study, all the linear model terms (X1, X2 
and X3) and quadratic model terms (X1

2, X2
2 and X3

2) were 
significant at the 95% confidence level with p-values of less 
than 0.05. The interactive model terms (X1X2, X1X3 and X2X3) 
were also significant between the three independent factors 
for anticorrosion processes. The quadratic model indicated 
that the linear terms X1, X2, X3, the quadratic term X3

2 and the 
interactive term X1X2 revealed positive effects on the 
corrosion rate, whereas the quadratic terms X1

2, X2
2 and the 

interactive terms X1X3, X2X3 demonstrated negative effects. 
2) Interactive effect of MI concentration, TEOA 

concentration and THU concentration 
Figs. 7, 8, 9, 10, 11 and 12 illustrated the three-

dimensional response surface graphs and two-dimensional 
contour plots of the quadratic model for the corrosion rate 
with variation of two variables in the experimental range. 
Through these response surface graphs and their contour 
plots, it was very easy and convenient to ascertain optimum 
levels of two variables [29-32]. 

 

Figure 7.  Response surface graph for the corrosion rate versus MI 
concentration and TEOA concentration. 

 

Figure 8.  Contour plot for the corrosion rate versus MI concentration and 
TEOA concentration. 

Figure 7 illustrated the interactive effect of MI 
concentration and TEOA concentration for the corrosion rate. 
A noticeable elongated minimum of the corrosion rate 
running along MI concentration and TEOA concentration 
axis was observed on. The related contour plot Figure 8 
presented an elliptic characteristic with the long axis of the 
ellipse running along MI concentration. It indicated that the 
minimum corrosion rate was obtained with MI concentration 
locating in 275-288 mg·L-1 and TEOA concentration locating 
in 150-165 mg·L-1. Both middle levels of MI concentration 
and TEOA concentration resulted in lower corrosion rate, but 
further addition of MI or TEOA would conduce to an 
increase of the corrosion rate. 

 

Figure 9.  Response surface graph for the corrosion rate versus MI 
concentration and THU concentration. 
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Figure 10.  Contour plot for the corrosion rate versus MI concentration and 
THU concentration. 

Figure 9 represented the effect of varying concentration 
of MI and THU on the corrosion rate at 150 mg·L-1 TEOA. 
The minimum corrosion rate which contributed to greater 
inhibition was attained at intermediate MI concentration and 
higher THU concentration of more than 60 mg·L-1. THU 
concentration seemed to give a minor effect on the corrosion 
rate when MI concentration exceeded 288 mg·L-1, where an 
almost straight line was observed on the contour plot in 
Figure 10. 

 

Figure 11.  Response surface graph for the corrosion rate versus TEOA 
concentration and THU concentration. 

 

Figure 12.  Contour plot for the corrosion rate versus TEOA concentration 
and THU concentration. 

Figure 11 and Figure 12 denoted the interactive effect of 
TEOA concentration and THU concentration on the response 
at fixed MI concentration of 275 mg·L-1. The corrosion rate 
was remarkably low at 150-165 mg·L-1 TEOA and 70-80 
mg·L-1 THU. Decrease in concentration of TEOA and THU 
both yielded an increase in the response surface. The 

response value reached its lowest level while THU 
concentration showed approximate maximum at 80 mg·L-1. 

3) Optimization of Imidazoline base mixture 
According to the above findings, an optimization study 

was performed to evaluate the optimal concentration of 
inhibitor mixture with low corrosion rate. Several 
combinations were found to minimize this response taking 
into consideration of feasibilities. The optimum conditions of 
desired corrosion rate corresponded to 280 mg·L-1 MI, 156 
mg·L-1 TEOA and 78 mg·L-1 THU, which yielded the best 
corrosion rate of 0.0012 mg·cm-2·h-1 and inhibition 
efficiency of 99.74%. The comparative result of predicted 
and verified experiment was given in Table Ⅳ. Table Ⅳ 
showed that only small deviations were found between the 
predicted values and actual values, so the model could be 
perfectly used to optimize the Imidazoline base mixture. 

TABLE IV.  PREDICTED AND VERIFIED EXPERIMENTS OF THE 
CORROSION RATE AT OPTIMUM CONDITIONS 

Optimal variables Predicted experiment 

CMI 
(mg·L-1), 

CTEOA 
(mg·L-1) 

CTHU  
(mg·L-1) 

W 
(mg·cm-2·h-1) 

IEW 

(%) 

280 156 78 0.0008 99.83 

Optimal variables Verified experiment 

CMI 
(mg·L-1), 

CTEOA 
(mg·L-1) 

CTHU  
(mg·L-1) 

W 
(mg·cm-2·h-1) 

IEW 

(%) 

280 156 78 0.0012 99.74 

 

C. Polarization curves 

 

Figure 13.  Polarization curves of KO80SS steel in 3 wt% NaCl solution 
saturated with CO2 without and with addition of optimized inhibitor 

mixture at 10 MPa and 353 K. 

TABLE V.  POLARIZATION PARAMETERS AND CORRESPONDING 
INHIBITION EFFICIENCIES FOR KO80SS STEEL IN 3 WT% NACL SOLUTION 

SATURATED WITH CO2 WITHOUT AND WITH OPTIMIZED INHIBITOR MIXTURE 
AT 10 MPA AND 353 K 

Compound 
E vs. SCE 

(mV) 

bc 
(mV·dec-

1) 

ba 
(mV·dec-

1) 

I 
(μA·cm-2)

IEI 
(%) 

Blank -485.7 147.9 104.8 482.8 — 

Optimized 
mixture 

-478.4 119.6 88.2 0.7 99.86 
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Figure 13 showed the polarization plot of current-
potential relationships between cathodic and anodic for 
KO80SS steel in 3 wt% NaCl solution saturated with CO2 
with and without the optimized inhibitor mixture containing 
280 mg·L-1 MI, 156 mg·L-1 TEOA and 78 mg·L-1 THU at 10 
MPa and 353 K. Associated electrochemical parameters, 
such as corrosion potentials (E), cathodic and anodic Tafel 
slopes (bc, ba), corrosion current densities (I) obtained by 
extrapolation of the Tafel lines and the calculated inhibition 
efficiencies (IEI) were presented in Table Ⅴ. That was clear 
that the optimized mixture caused change of cathodic and 
anodic Tafel slopes and no definite trend was observed in the 
shift of corrosion potentials in the presence of optimal 
concentration of corrosion inhibitors, suggesting that this 
mixture behaved as mixed type inhibitors [33]. They acted as 
corrosion inhibitors suppressing both cathodic and anodic 
reactions by hindering the attack on KO80SS steel electrode. 
It pronounced that such corrosion inhibitors could 
extraordinarily reduce anodic dissolution and also retard the 
hydrogen evolution reaction [34]. The optimized inhibitor 
mixture was observed to have the maximum inhibition 
efficiency of 99.86%. The results obtained from the 
polarization method were in quite good agreement with those 
obtained from the weight loss method with a small variation 
of 0.12%. The difference was chiefly attributed to weight 
loss experiments gave average corrosion rate, whereas 
polarization experiments gave instantaneous corrosion rate 
[35]. 

D. SEM analyses 

 

Figure 14.  Surface morphology of KO80SS steel before immersion. 

 

Figure 15.  Surface morphology of KO80SS steel for the damage in 3 wt% 
NaCl solution saturated with CO2 for 9 h at 10 MPa and 353 K. 

 

Figure 16.  Surface morphology of KO80SS steel for the damage in 3 wt% 
NaCl solution saturated with CO2 containing optimized inhibitor mixture 

for 9 h at 10 MPa and 353 K. 

The morphology of KO80SS steel surface on corrosion 
process was explored from the SEM images in the absence 
and presence of optimized inhibitor mixture in Figure 14-16. 
The SEM images showed the distinct features of steel 
specimens surface before and after immersion in 3 wt% 
NaCl saturated with CO2 containing optimized concentration 
of 280 mg·L-1 MI, 156 mg·L-1 TEOA and 78 mg·L-1 THU for 
9 h at 10 MPa and 353 K [36, 37]. The presence of a 
homogeneous and smooth appearance for virgin sample 
surface is clear besides the roughness pattern due to the 
surface preparation process previous to immersion in Figure 
14. 



ZHENG FAN et al: OPTIMIZATION OF IMIDAZOLINE BASED MIXTURE AS CORROSION INHIBITOR FOR . . . 

DOI 10.5013/IJSSST.a.17.45.56                                            56.8                             ISSN: 1473-804x online, 1473-8031 print 

Figure 15 presented the morphology of the corroded 
surface in 3 wt% NaCl solution saturated with CO2 for 9 h at 
10 MPa and 353 K. Close examination of this SEM image 
revealed that the surface of KO80SS steel was strongly 
damaged and deteriorated in the absence of the inhibitors by 
uniform and pitting corrosion with the exposure of some 
evident porous. The metallic surface of steel specimens 
appeared to be covered with a layer of corrosion products. 
Moreover, it also showed a generalized attack throughout the 
whole surface with some superficial deposits unevenly 
distributed. 

Figure 16 showed a smooth morphology for the steel 
specimens after immersion in 3 wt% NaCl solution saturated 
with CO2 containing optimized inhibitor mixture for 9 h at 
10 MPa and 353 K. From a striking contrast to Figure 15, the 
surface of steel specimens seemed to be scarcely affected by 
corrosion in the aggressive solution and there were little 
corrosion products with the protection provided by the 
optimized inhibitors. Some polished nicks still could be 
observed in this view field. It could be concluded that an 
adsorbed layer is formed on the surface and the corrosion 
rate was greatly suppressed because of the addition of the 
mixture of these compounds. Therefore, a comparison of 
SEM images obtained in the absence and presence of the 
optimized inhibitors revealed a very remarkable inhibiting 
effect. 

IV. CONCLUSION 

 
The optimization of Imidazoline base mixture as 

corrosion inhibitor was well developed. According to 
previous single-factor experiments, three technical variables 
involving the concentration of MI, TEOA and THU have 
their different effects on the corrosion rates and inhibition 
efficiencies. The RSM approach was applied to obtain 
quadratic equation model. The model was proved to be 
suitable and verified by the normal probability of internally 
studentized residuals. The interactive graphs and contour 
plots were also generated. The results showed that the 
optimum conditions were 280 mg·L-1 MI, 156 mg·L-1 TEOA 
and 78 mg·L-1 THU, under which a minimum corrosion rate 
of 0.0012 mg·cm-2·h-1 and interrelated inhibition efficiency 
of 99.74% were achieved by weight loss measurements at 10 
MPa and 353 K. Under these conditions the experimental 
values were very close to the predicted of 0.0008 mg·cm-2·h-

1 and 99.83%. Polarization curves revealed that the 
optimized mixture acted as mixed type inhibitors with 
suppressing anodic dissolution and hydrogen evolution 
processes. Good agreement had been obtained by 
polarization and weight loss methods. SEM images 
demonstrated that the perfect protection of KO80SS steel 
surface against corrosion by these compounds. 
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