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Abstract

In this study, the inhibition efficiency of four inhibitors (methylenephosphonic
acid, benzotriazole, 2-mercaptobenzimidazole and 2-ethylbenzimidazole) for
corrosion prevention of carbon steel samples in one molar HCI solution was
evaluated by weight loss method. Experimental design and modeling of
the corrosion control process for two inhibitors with the highest effectiveness was
carried out using a combined mixture-process design method at different
temperatures, concentrations, and mixing ratios. 2-Mercaptobenzimidazole and
2-ethylbenzimidazole were selected for investigation as a mixture. Through
analysis of variance of experimental data, a new model was developed to predict
the inhibition efficiency of the mixture of these two inhibitors. The inhibition
efficiency predicted by the model was in good agreement with the laboratory data,
and the P value of the model was less than 0.0001. In addition, the coefficient of
determination, adjusted coefficient of determination, and predicted coefficient of
determination were 0.9989, 0.9986, and 0.9982, respectively. The results showed
that the inhibition efficiency increased with increasing the mixture concentration.
Also, temperature had a negative effect on the inhibition efficiency. As
the temperature increased, the inhibition efficiency of the mixture decreased.
Through modeling, the optimal values for temperature, mixture concentration and
mixing ratio were determined to be 25°C, 130 ppm and 75:25 of
2-mercaptobenzimidazole to 2-mercaptobenzimidazole, respectively. Under these
conditions, the inhibition efficiency of the mixture was more than 93%. Moreover,
synergistic effect between 2-mercaptobenzimidazole and 2-ethylbenzimidazole
inhibitors was determined. The highest synergistic effect was more than 6.5%,
which increased the corrosion inhibition efficiency by more than 6.5%.
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Table 1. The corrosion inhibitors used in this study.

Inhibitor Abbreviation Chemical formula Chemical structure
aminotris (HO),0P
1 (methylenephos-phonic ATMP Inl. C3H12NOgPs
acid) (HOROP\ N, PO(OH),
H
N
2 benzotriazole BTA In2. CeHsN3 \N
V4
N
N
\>
3 2-mercaptobenzim-idazole 2-MBI In3. C7HsN,S | SH
N
H
N
. CoHioN; \
4 2-ethylbenzimida-zole 2-EBI In4. |
NH
1. Analysis of Variance-ANOVA 2. Merck
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Table 2. Experimental design and parameter notation.

Factor

wt.% of 2-MBI wt.% of 2-EBI
(%) (%)

Inhibitor concentration
(ppm)

Temperature (°C)

actual value actual value actual value | coded value
0 -1 100 1 25 -1 25 -1
25 -0.5 75 0.5 65 -0.5 50 0
Level
50 0 50 0 110 0 75 1
75 0.5 25 -0.5 165 05 - -
100 1 0 -1 200 1 - -
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Figure 1. Dependence of inhibition efficiency on test time at 50 °C and 100 ppm of the inhibitors.
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Figure 2. Dependence of inhibition efficiency on temperature at a concentration of 100 ppm of inhibitors after 55 hours.
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Figure 3. Dependence inhibition efficiency on inhibitor concentration at 50 °C after 55 hours.
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Table 3. ANOVA results of the developed model for predicting the inhibition efficiency of the mixture of 2-MBI and 2-EBI.

Source Sum of squares df Mean square
model 32118.7 17 1889.33
AB 76.64 1 76.64

AC 102.06 1 102.06
AD 117.12 1 117.12
BC 62.44 1 62.44
BD 350.13 1 350.13
ABC 8.6 1 8.6
ABD 7.88 1 7.88
AC? 2014.64 1 2014.64
AD? 7.9 1 7.9
BC? 1655.63 1 1655.63
BD? 58.43 1 58.43
AB(A-B) 26.61 1 26.61
ABC? 2.33 1 2.33
AC? 11.1999 1 11.1999
BC3 189.91 1 189.91
ABC? 2 1 2
residual 35.02 57 0.6143
Cor Total 32153.7 74
R2 0.9989
R 0.9986

F-value P-value
3075.58 <0.0001
124.76 < 0.0001
166.14 < 0.0001
190.65 < 0.0001
101.64 <0.0001
569.96 < 0.0001
14 0.0004
12.83 0.0007
3279.56 < 0.0001
12.86 0.0007 significant
2695.14 < 0.0001
95.11 < 0.0001
43.32 < 0.0001
3.8 0.0563
324.12 < 0.0001
309.15 < 0.0001
3.25 0.0766
R 0.9982
Adeq Precision 174.34
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Figure 4. (a) Normal probability plots of the residuals and (b) residual plots versus run number.
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Figure 5. Comparison of predicted values of inhibition efficiency with laboratory values.
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Figure 6. Dependence of inhibition efficiency on the concentration of the mixture of 2-MBI and 2-EBI
at a mixing ratio of 50:50 and 25 °C.
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Figure 7. Dependence of inhibition efficiency on temperature at 110 ppm and 50:50 mixing ratio of 2-MBI and 2-EBI.
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Figure 8. Dependence of inhibition efficiency on the mixing ratio of 2-MBI (In3) to 2-EBI (In2) at 25 °C and 110 ppm.
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Figure 9. Dependence of inhibition efficiency on temperature and mixture concentration at a mixing ratio of 75:25 (2-MBI to 2-EBI).
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Figure 10. Dependence of inhibition efficiency on the concentration and mixing ratio of 2-MBI (In3) and 2-EBI inhibitor (In4) at 25 °C.
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Figure 11. The synergistic effect between 2-MBI (In3) and 2-EBI (In4) depending on temperature and mixing ratio
((a) Contour graph, (b) Three-dimensional graph).
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