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Abstract: 
The inhibitor effect of Tri-ethoxysilyl-di-ethylphosphate 

(TEOSDEOP) on the corrosion resistance of carbon steel 

alloy A36 in distilled water, tap water, sea water and 1 M 

hydrochloric acid were investigated by weight loss and 

electrochemical methods. The results suggest that 

TEOSDEOP  inhibition efficiencies provides 99.19% for 

10 ppm, 98.35% for 20 ppm in distilled, tap and 

seawater, respectively. While 97.65% for 30 and 40ppm 

in acid media.  The corrosion potential in open circuit 

and electrochemical at low inhibitor concentrations were 

shifted towards positive direction (i.e. cathodic 

protection). On the other hand at high inhibitor 

concentrations, the potentials  were shifted towards 

negative direction (i.e. anodic protection). Also, the 

electrochemical impedance results indicated that the 

inhibition efficiency increased with increasing the 

inhibitor concentrations. The graphical SEM images of 

coupons immersed 3hs in 1MHCl were investigated. 
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Introduction: 
Corrosion is the most localized problem encountered in 

petroleum, petrochemical and many industries. The 

extent of these problems was depended on the fluid 

composition (1-19). Inorganic compounds such as 

chromate, dichromate and nitrate are widely used as 

corrosion inhibitors in several media and for different 

metals and alloys (2). Its non-environmental-friendly (3, 

4). Among alternative corrosion inhibitors, organic 

products containing one or more polar functions (with N, 

O and S atoms) have π electrons and showed to be quite 

efficient to prevent corrosion (5,6 ). The inhibiting action 

of those organic compounds is usually attributed to 

interactions with metallic surfaces by adsorption. The 

polar function is frequently regarded as the reaction 

center for the adsorption process establishment (7), 

wherein being the adsorption bond strength determined 

by the electron density and polarizability of the 

functional group (8). The corrosion inhibition of carbon 

steel alloy in acidic aqueous solutions by different types 

of organic compounds has been studied widely (1-17). 

Existing data show that most organic inhibitors act by 

adsorption on the metal surface (19-22). 

This phenomenon is influenced by the nature and surface 

charge of metal, the type of aggressive electrolyte, and 

the chemical structure of inhibitors (1-27).  

The dissolution and passivity of iron in aqueous solutions 

have been studied extensively during the last decades 

owing to their scientific and technological importance 

particularly to corrosion and protection of materials in 

presence of electrolytes (1 -18).  

In certain field’s activity, the use of inhibitors for 

mitigation of corrosion is the method of choice. The 

evaluation of the effectiveness of corrosion inhibitors is 

an important research and development activity among 

both users and the manufactures of these products. 

Techniques for controlling corrosion are subdivided into 

design, materials selection use of coating, 

electrochemical protection and chemical inhibition by 

additives known as corrosion inhibitors (1-30). 

In this work, the behavior of TEOSDEOP compound as 

corrosion inhibitor for carbon steel alloy A36 in aqueous 

and HCl acid medium were  studied by weight loss and 

electrochemical (open circuit potential, potentiodynamic 

polarization and electrochemical impedance 

spectroscopy)  techniques. The coupons surfaces were 

also analyzed employing scanning electron microscopy 

(SEM) to evaluate its condition after been located in the 

aggressive media without and with inhibitor. 
 

Experimental 
The coupons and bar of unused petroleum carbon steel 

alloy A36 were used for experiments. Surface of 

specimens were mechanically polished on wet silicon 

carbide paper grades 120, 320 400, 600, 800,100 and 

1200, then rinsed with double- distilled water, degreased 

in ethanol before use, and dried at room temperature. 

The TEOSDEOP was prepared according to three steps. 

First, 1.0 mol of phosphoric acid was reacted with 3.0 

mol of dry ethanol in presence of water a zoetrope and 

0.5 ml HCl as catalyst to form tri-ethyl phosphate 

(TEPO). It was purified by vacuum distillation and its 

structure was confirmed by FT.IR. Second, 1.0 mol of 

tetra-chlorosilane was reacted with 4.0 mol of dry 

ethanol under inert media and triethylamine as acid 

acceptor. Then, the product tetra-ethoxysilane (TEOS) 

was purified by vacuum distillation and confirmed by 

FT.IR.  Finally, 1.0 mol of TEPO was treated with 1.0 

mol of TEOS in presence 0.5ml HCl as catalyst to form 

TEOSDEOP. This product was distilled under vacuum 

and confirmed by FT.IR. 

The IR spectrum of the synthesized TEPO, TEOS and 

TEOSDEOP are measured by using FT.IR. Spectrometer 

model 550 Nicollet Magnet.  

The experimental work was carried out in the absence 

and presence at different concentrations (10, 

20,……..100ppm) of the corrosion inhibitor 

TEOSDEOP, in distilled, tap and sea water (D.W, T.W, 

S.W) at ambient temperature for 90 days. These tests 

were carried out in a glass container 500 ml. using closed 

system. The same steps were carried out in 1 M HCl for 
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7 days. The weight loss for each specimen was calculated 

from the weight before and after immersion. The 

efficiency of inhibitor was evaluated and visually 

inspected. Weight loss experiments were carried out 

according to ASTM G31 [22]. 

For electrochemical measurements, the cell contained 

five openings: three of them were used for the electrodes 

and two for air free. The counter electrode (CE) was a 

platinum wire,  the reference electrode was a saturated 

calomel electrode (SCE) and working electrode (WE) 

was a carbon steel rod.  

Open Circuit potentional of carbon steel alloy electrode 

was measured against time with respect to saturated 

calomel electrode (SCE) in 1 M HCl solution. These 

measurements were performed in presence or absence of 

different concentrations of the inhibitor TEOSDEOP 

compound using a Volta lab Radiometer PGZ 301 

potentiostate/galvanostat interfaced with Volta Master 4. 

All potentials in the text are quoted versus this electrode. 

The working electrode (WE) was a 0.867 cm
2
 carbon 

steel rod mounted in a glass tube with Araldite epoxy. 

The working electrode surface was polished with 600, 

800, 1000 and 1200 emery paper. Subsequently, the 

electrode was cleaned, degreased with acetone, rinsed 

with deionized water and air dried. The potentiodynamic 

polarization curves were accomplished in agreement with 

the ASTM G5 [22].   

For  potentiodynamic measurements, the cell was used a 

conventional three electrodes SCE,  CE and WE. The 

potentiodynamic current – potential curves recorded by 

varying the electrode potential automatically from – 1000 

to + 2000 mV with scan rate 20mVs
-1

. The Volta Master 

4/Voltalab PC Software were used.   

Electrochemical impedance spectra were obtained in the 

frequency range 100kHz to 10mHz and a sine wave with 

10 mV amplitude was obtained using a Volta lab PGZ 

301 Radiometer Copenhagen potentiostat interfaced with 

a microcomputer running Volta Master 4.0 software for 

data acquisition and analysis. A Hitachi- Amray 1810 

scanning electron microscope, and suitable visual images 

were recorded photographically. 

 
Results and discussion 
FT-IR Characterization  

Fig.1-a illustrates the FT.IR spectrum of TEOS 

compound, the characteristic band of the -SiOCH3 group 

appeared at 1190 cm
-1

 indicating the formation of 

alkoxysilane. The bands at 1000-1400 and 3560 cm
-1

 

illustrate the stretching vibration of C-O-Si groups and 

the bands at 2870-3050 cm
-1

 illustrate the – CH3 aliphatic 

groups. Also, the disappearance of the bands at 3000-

3300 cm
-1 

indicates the reaction completion. On the other 

hand Fig.(1-b) shows  characteristic bands of TEOP 

compound at 1090 cm
-1

 for  -POCH3 group, indicating 

the formation of alkoxyphosphate and 1150 cm
-1 

indicating the P=O group. Also, a band 2870-3050 cm
-1

 

was observed assigned for the stretching of – CH3 

aliphatic groups.  Characteristic bands at 879and 3200 

cm
-1

 indicate the formation of Si – O – P bonds for 

TEOSDEOP Fig. (1-c).  

 
Weight loss 

Fig. 2 illustrates the relation between the inhibition 

efficiency (E %) and concentration of TEOSDEOP (10 to 

100 ppm). It also shows the E dependence on the 

immersion time. E was calculated by the following 

equation [23]: 

 

 
where W and W0 are the corrosion rates calculated in 

presence and absence of TEOSDEOP, respectively. 

From these data, one may conclude that, the efficiency of 

TEOSDEOP as corrosion inhibitor can be optimized at 

99.15% (10 ppm.), 98.35% (20 ppm.) for distilled, tap, 

and sea water, respectively, while 97.65% (30-40ppm) 

for 1 M HCl. Visual inspection of the specimen surfaces 

after duration tests in distilled, tap, sea water and 1M 

HCl in absence and presence of TEOSDEOP were 
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carried out by using glass power magnifier for 

determining the corrosion spots (dust / pitting). From this 

inspection, it is clear that, in absence of the inhibitor, the 

surfaces of specimen were covered by bale brownish to 

dark brownish color in distilled, tap and sea water. While 

in presence of corrosion inhibitor TEOSDEOP, the 

surfaces of specimen are free from any spots/pitting at 

concentration from 20 to 100 ppm for all of the distilled, 

tap and sea water. On the other hand in acidic media the 

corrosion spots were not appeared upon using concept 

ratios 30 ppm. These results indicate that the amount of 

corrosion was decreased by increasing the concentration 

of corrosion inhibitor. Regarding weight loss results, it's 

obvious that, the efficiency of inhibitor results is in 

agreement with visual inspection data. 

 

Electrochemical results 
Figs. 3 and 4 shows the open circuit  potential (OCP) and 

the potentiodynamic polarization curves for carbon steel 

alloy in 1 M HCl solution without and with different 

concentrations of corrosion inhibitor TEOSDEOP   (10 

to 100ppm). In Fig. 3, OCP displaced towards positive 

potentials at concentrations 10 to 50 ppm, while at 

concentration from 60 to 100 ppm the OCP displaced 

towards negative potentials. This behavior suggests a 

possible spontaneous film formation onto the metallic 

surface, which might control and reduce the alloy 

dissolution. The reached OCP after 80 min of immersion 

is TEOSDEOP concentration-dependent, being more 

positive at lower TEOSDEOP concentrations and 

negative at higher concentrations. According to Riggs 

[6], the classification of a compound as an anodic or 

cathodic type inhibitor is feasible when the OCP 

displacement is measured for the blank solution. Here, 

the inhibitor action was found in both anodic and 

cathodic parts of potentiodynarnic polarization curves, it 

has been perceived that both the anodic current density 

(ba) and the cathodic current density (bc ) in presence of 

any TEOSDEOP concentration was changed from in its 

absence. This means that TEOSDEOP ion decreases both 

the anodic and cathodic dissolution of carbon steel and 

the hydrogen evolution reaction. The results clearly 

shows that TEOSDEOP is mixed-type corrosion 

inhibitor. 

 

 
 

These results are more confirmed by galvanostatic 

polarization measurements (Table 1). 

Table (1) Galvanostatic polarization data of carbon steel 

alloy in 1 M HCl with and without inhibitor TEOSDEOP 

concentrations  
Conc. 
(ppm) 

E corr. 
mv(SCE) 

i corr. 
mA/cm2 

ba 
mv/ 

decade 

bc 
mv/ 

decade 

CR 
mm/y 

E% 

Blank - 581 4.2446 145 - 166 49 - 

10 - 587 0.7013 139 - 170 8 83 

20 - 593 0.5707 148 - 180 6 87 

30 - 557 0.4317 141 - 180 5 90 

40 - 582 0.3971 150 - 181 4 91 

50 - 578 0.3893 140 - 168 3 91 

60 - 577 0.3551 141 - 157 3 92 

70 - 594 0.3427 137 - 172 1 92 

 

Figure 4 shows the typical galvanostatic polarization 

curves for carbon steel   in 1M HCl solutions in absence 

and presence of the various concentration of 

TEOSDEOP.  The Tafel lines are shifted to more 

negative and more positive for cathodic and anodic 

processes, respectively, relative to the blank curve. This 

means that, influence mixed type corrosion inhibitor 

(TEOSDEOP).  

The following electrochemical parameters; cathodic and 

anodic tafel slopes (bc and ba respectively), free corrosion 

potential (Ecorr), corrosion current density (Icorr ), and  the 

percentage inhibition efficiency (E %) were obtained 

from the polarization curves and listed in Table 2. The E 

% was calculated according to the following equation 

[24]: 

 
Where I0 and I are the corrosion current density 

measured in blank and TEOSDEOP containing solution, 

respectively. The inhibition mechanism for the 

TEOSDEOP molecule involves a simple reaction site 

blocking. The corrosion potential values (Ecorr ) are 

displaced towards more positive potential with 

concentration 30 ppm then increase in the inhibitor 

concentrations causes displacement towards more 

negative potential i.e. cathodic/anodic protection. The 

order of inhibition efficiency of TEOSDEOP different 

further concentrations are derived by galvanostatic 

polarization measurements and listed in Table 2. which 

shows agreement with the above results.    
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Table (2) Parameters obtained by fitting the Nyquist 

plots shown in Fig. 5   with the equivalent circuit shown 

in Fig.6.  
E 

(%) 

 

W 

Rp 

(kΩ) 

 

n 

Q 

(µF/CM-2) 

RS 

(Ω) 

TEOSDEOP 

Conc. Ppm 

- 8.85x1015 2.25 0.8 16.46 575 0.0 

57.26 1.3x10-1 5.79 0.8 14.6 232 10 

61.38 3.2x10-5 7.81 0.8 12.3 230 20 

79.16 2.1x10-4 9.79 0.8 9.91 122 30 

79.76 1.5x10-3 11.83 0.8 9.89 122 40 

 
 

 
The mechanism of protection carbon steel alloy in 

aqueous media D.W, T.W, S.W   and acidic media 

suggested the formation of protection film on the surface 

of specimens as shown in the following schematic 

diagram(1). Since the inhibitor has  8  polar groups it acts 

as a chelating agent i.e. the compound is more polar than 

water. In other words it has surface activity more than 

water. So that, the inhibitor compound reduces the 

surface tension of the aqueous media (37mN/n
2
) more 

than the water (72.29mN/n
2
) at 30ºC. Finally, results 

show that the inhibitor covered the surface of specimen 

to form a protective film and agreed with elsewhere 

works [12]. 

 

 

EIS measurements  
Typical Nyquist impedance plots obtained for carbon 

steel alloy electrode at an open circuit potential after 3hrs 

immersion in 1M HCl in absence and presence of 10,20. 

30 and 40 ppm of TEOSDEOP are shown in Fig. 5. The 

dots in Fig. 5  represent the actual data and solid lines 

represent the best fit using the equivalent circuit shown 

in Fig. 6. The parameters obtained by fitting the 

equivalent circuit are listed in Table 2. Figure 6 and 

Table 2 indicate that the increase in TEOSDEOP 

concentrations raises the polarization resistance,Rp. The 

constant phase elements(Q) with  their n values close to 

1.0 represent double-layer capacitors with some pores; 

the Q decrease upon of  TEOSDEOP and upon increase 

in its concentration, which are expected to cover the 

charged surfaces reducing the capacitive effects. It has 

been reported that, the semicircles at high frequencies are 

generally associated with the relaxation of electrical 

double –layer capacitors, and the diameters of the high – 

frequency capacitive loops can be considered as the 

charge – transfer resistance. This suggests that the 

electron- transfer reaction corresponding to the second 

semicircle takes place through the surface layer, which 

limits mass transport (Warburg) or acts just like another 

resistor. The presence of the Warburg (W) impedance 

indicates that the mass transport is limited by the surface 

covered with TEOSDEOP layer. 

The inhibition efficiency, E%, of TEOSDEOP for the 

carbon steel alloy A36 electrode can then be calculated 

from the following equation [25]: 

 

 
Where Rs and Rp are the charge transfer resistance in 

blank and in presence of organic TEOSDEOP corrosion 

inhibitor, respectively. The attained results are shown in 

Table 2. The increasing of Rs value verified for 1MHCl  

in presence of TEOSDEOP pointed out a reduction in the 

alloy corrosion tendency, resulting in an E  of 79.76 %. 

A slightly decrease of Cdi values has also been detected, 

which corroborates the above proposal that TEOSDEOP 

acts as corrosion inhibitor by adsorption onto the metallic 

surface [26-30].   

 

SEM 

Figs. 7 and 8 shows the graphical SEM images of 

coupons immersed 3hs in 1MHCl without and with 

30ppm inhibitor respectively, the image in Fig. 7 show 

dark surface of specimens with some pitting, while the 

image in Fig. 8 show white surface and appear as 

coverlet chaps it’s indicate the thin film of inhibitor was 

promoted by the adsorption onto the surface of carbon 

steel alloy Specimens. 
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Conclusion: 
The results obtained from  weight loss and 

electrochemical data showed that TEOSDEOP inhibits 

the corrosion of carbon steel alloy A 36 in 1 M HCl 

solution. The OCP curves showed clear characterize of 

TEOSDEOP as cathodic and anodic type inhibitor. In 

most of the carried out experiments, the OCP 

displacement was found to be toward anodic at low 

concentration  and at high concentrations toward 

cathodic. Therefore, TEOSDEOP has been proposed to 

be a mixed – type inhibitor. The maximum inhibition 

efficiency was 92 % for 1M HCl solution with 60 ppm. 

The corrosion inhibition process in 1M HCl was 

promoted by the adsorption of TEOSDEOP molecules 

onto the carbon steel alloy electrode surface. 
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 مانع تاكل جديد لسبيكة الكاربون ستيل. التركيب والمواصفات
 اسامة محمود ابو العينين

 شارع احمد الزمر، القاهرة، جمهورية مصر العربية 1، حي الزهور، مدينة نصر، معهد بحوث البترول المصري
 نينحامد محمود ابو العي

 (، المنيا، جمهورية مصر العربية11111قسم هندسة الانتاج، كلية الهندسة، جامعة المنيا، )
 الملخص:

 بل بتتتتت يي-لنتتتتت   ي- بلو ستتتتت يستتتتت ب ي-درستتتتتلية تثبتتتتتتيكلتتتتتتب ي  ك  تتتتت ي ل لتتتتت 
مق ومتتتتتي  ك  تتتت ي ستتتتتب تي   تتتت رتو يستتتتتكب ييعثتتتت (يTEGSDEOPفوستتتت بل 

A36ويمتتتت  ي ةستتتت  تيومبتتتت وي  تمتتتتريوممثتتتتو يمتتتت م ييرفتتتت ي  متتتت  ي  مق تتتتي
يت ربقك يفقد  ي  وز يو ة  كرو بمب  بت.ي1M  هبدرو ثوربكي

كصتتتتتت ي  تتتتتت ييTEGSDEOPتبنتتتتتتلي  نكتتتتتت  ثي  ي  تتتتتت   يكلتتتتتتتب ي  ك  تتتتتت ي  تتتتتتتي
فتت ي  متت  ي  مق تترييppm 20عنتتديي%98.35وييppm 10عنتديي99.19%

 30عنديي %97.65وم  ي ةس  تيوم  ي  تمريعث ي  كو   .يتبنم يكص ي   ي

ppm40ويي ppmف ي  وس ي  م مض .ي  يجهدي  ك  ت يفت يمت  ك ي  تد  ر يي
  م كومتيو ة  كرو بمب  بتيف يكر  بزيملت ي  ك  ت ي  و   تتيكمبت ي  ت ي ةكجت وي
  موجتت  يمم بتتتي  ق تت ي  موجتت (.يوترتتت ر ي لتتررايفتت يم  تتتيكر  بتتزي  ملتتت ي

م بتتي  ق ت ي  ست   (.ي مت يتبنتتلي  ر  بتتيبمبت ي  جهتدي  ت ي ةكجت وي  ستت    يم
نكتت  ثي   ربقتتتي   بمب  بتتتي   هرت  بتتتي  ي  تت   ي  كلتتتب يكتتزد ديمتت يزبتت د يكر بتتزي

ي  ملت .
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