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ABSTRACT 
 
 Two cationic surfactants namely; 1-dodecyl-1-methyl-2-(phenethylimino)pyrrolidin-1-ium bromide (I) 
and,1-dodecyl-2-((4-hydroxyphenyl)imino)-1-methylpyrrolidin-1-ium bromide (II) were prepared, characterized 
and  evaluated  as  corrosion inhibitors  for  X- 65 type tubing steel in deep oil wells formation water under CO2 
environment at 50 oC and as antimicrobial  agents  against  sulfate  reducing  bacteria (SRB). Potentiodynamic 
polarization and electrochemical impedance spectroscopy (EIS) techniques were used to evaluate these 
compounds as corrosion inhibitors, while the serial dilution method was used to evaluate their inhibition effect 
on sulfate reducing bacteria growth. The results showed that the prepared surfactants have good antimicrobial 
activities against the SRB as well as they have acceptable efficiency as corrosion inhibitors for tubing steel in 
deep oil wells formation water. 
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Introduction 
 

Carbon steel has been widely employed as construction materials for pipe work in the oil and gas 
production such as downhole tubular, piping systems and transmission pipelines (Ling-Guang et al., 2004; Ridd 
et al., 1998). Aqueous CO2 corrosion of carbon steel, which is an electrochemical process involving the anodic 
dissolution of iron and the cathodic evolution of hydrogen (Nesic, 2007) has been widely acknowledged as a 
major factor in the degradation of oil and gas pipelines. It occurs principally in the form of general corrosion 
and three variants of localized corrosion (pitting, mesa attack and flow-induced localized corrosion) (Kermani et 
al.,1994; Kermani et al., 2003) at all stages of production from downhole to surface equipment and processing 
facilities (SL et al.,1996;Durnie et al., 2001). Corrosion inhibitors (mainly, surfactants) are widely employed in 
the petroleum industry to protect iron and steel equipment used in drilling, production, transportation and 
refining of hydrocarbons (Clint, 1992; McMahon,1991). The efficiency of the inhibition film depends on the 
inhibitor concentration and immersion time. The  antimicrobial  action  of  cationic  surfactants  is  based  on  
their ability  to  disrupt  and  disorganize  the  integral  bacterial  membrane by  combined  hydrophobic  and  
electrostatic  adsorption  phenomena at  the  membrane–water  interface  (Negm et al., 2008, Donnell et 
al.,1999). The cationic surfactants are  efficient at reducing surface tension and forming micelles (Deyab, 2007; 
Al-Rawashdeh et al., 2005 ; Menger et al., 1991; Menger et al., 1993 ; Menger et al., 2000).  

This work is aimed to examine the efficiency of some synthesized, environmental friendly cationic 
surfactants on the corrosion rate of carbon steel in deep oil wells formation water. Also, to study the biocidal 
effect of these surfactants. 
 
 Experimental 
 
Chemical composition of the investigated carbon steel alloy:  
  
The chemical composition of  X- 65 type tubing steel alloy used in this study is listed in Table 1.  

 Deep oil well formation water:  
 

Deep oil wells formation water naturally exists in the reservoir rocks before drilling. Most oil field 
water contains a variety of dissolved organic and inorganic compounds. The major elements usually present are 
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sodium, calcium, magnesium, chloride, bicarbonate, and sulfate. The Chemical composition of the oil wells 
formation water used in this investigation and its physical properties are shown in Table 2. 

 
Table 1. Chemical composition of X- 65 type carbon steel alloy. 

Element C Si Mn P S Ni Cr Mo V Cu Al Fe 

Content (Wt 
%) 

0.09 0.22 1.52 0.01 0.05 0.04 0.02 0.004 0.002 0.02 0.04 Rest 

 
Table 2. Chemical composition and physical properties of the oil wells formation water used in this investigation. 

Test Unit Value 
Density g/cm3 1.0269 
Turbidity NTU 745 
PH  6.69 
Salinity as NaCl mg/l 31694 
Conductivity@25°C µs/cm 76.5 
Total hardness mg/l 2814 
Sulphate (mg/l) 910 
Phosphate (mg/l) 330 
Carbonate (mg/l) Nil 
Bi-carbonate (mg/l) 540 
Chloride (mg/l) 19227 
Iron (mg/l) 2.2 
Calcium (mg/l) 810 
Magnesium (mg/l) 193 
Barium (mg/l) Nile 
Copper (mg/l) Nil 
Potassium (mg/l) 1500 
Zinc (mg/l) 0.35 
T.D.S. (mg/l) 37250 

 
Synthesis of the inhibitors: 
 

The two cationic surfactants used in this study were synthesized as shown in scheme 1 and scheme 2. 
The first cationic surfactant was synthesized by quaternerization reaction of one mole of dodecylbromide with 
one mole of N-(1-methylpyrrolidin-2-ylidene)-2-phenylethanamine to obtain1-dodecyl-1-methyl-2-
(phenethylimino) pyrrolidin-1-ium bromide (Inhibitor I),while the second cationic surfactant ; 1-dodecyl-2-((4-
hydroxyphenyl)imino)-1-methylpyrrolidin-1-ium bromide (Inhibitor II) was synthesized by condensation of one 
mole of 4-((1-methylpyrrolidin-2-ylidene)amino)phenol with one mole of dodecylbromide. The reactions were 
carried out  in 100 ml ethanol as solvent in 250 ml flask at 70 ºC for 24 h. These mixtures were allowed to cool 
down, and the obtained materials were further purified by diethyl ether then recrystallized by ethanol to produce  
the final products.  The chemical structure of  each compound was confirmed by NMR spectroscopy analysis. 
 

 

Scheme 1 
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Scheme 2 

 
Structure confirmation of the synthesized inhibitors 
1HNMR spectroscopy 

1HNMR (DMSO-d6) spectrum of cationic surfactant (I) showed that δ, ppm at: δ=0.797–0.840 ppm (t, 
3H, CH3(CH2)10CH2); δ=1.144–1.298 ppm (m, 20H, CH3(CH2)10CH2); δ=1.488–1.555 ppm (m, 2H, 
CH3NCH2CH2CH2C); δ=2.113–2.208 ppm (t, 2H, C=NCH2CH2Ar); δ=2.498 ppm (s, 3H, CH3N); δ=2.765–
2.815 ppm (t, 2H, CH3NCH2CH2CH2C); δ=3.646–3.700 ppm (t, 2H, C=NCH2CH2Ar); δ=4.302–4.357 ppm (t, 
4H, (CH3NCH2CH2CH2C), ( CH3(CH2)10CH2)); δ= 7.397–7.571 ppm (m, 5H, Ar-CH2). 1HNMR (DMSO - d6) 
spectrum of the synthesized cationic surfactant is illustrated in Fig. 1. 

 

 
 

 

Fig. 1. 1HNMR spectrum of 1-dodecyl-2-((4-hydroxyphenyl)imino)-1-methylpyrrolidin-1-ium bromide.  

1HNMR (DMSO - d6) spectrum of cationic surfactant (II) showed that δ, ppm at: δ=0.726–0.773 ppm 
(t, 3H, CH3(CH2)10CH2); δ=1.072–1.337 ppm (m, 20H, CH3(CH2)10CH2); δ=1.840–1.948 ppm (m, 2H, 
CH3NCH2CH2CH2C); δ=2.151–2.204 ppm (t, 2H, CH3NCH2CH2CH2C); δ=2.694 ppm (s, 3H, CH3N); δ=2.929–
2.978 ppm (t, 4H, ((CH3NCH2CH2CH2), (CH3(CH2)10CH2)); δ=4.811 ppm (s, 1H, Ar-OH ); δ=6.564–6.627 ppm 
(t, 2H, o-phenolic neucleous, δ=7.333–7.391 ppm (t, 2H, m-phenolic neucleous). 1HNMR (DMSO - d6) 
spectrum of cationic surfactant (II) is illustrated in Fig. 2. 
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Fig. 2. 1HNMR Spectrum of N-(2-hydroxyethyl)-N,N-dimethyl dodecan-1-aminium bromide. 
 
Potentiodynamic polarization measurements 

The electrochemical measurements were carried out using Volta lab 80 (Tacussel-radiometer PGZ402) 
controlled by Tacussel corrosion analysis software (Volta master 4). A platinum electrode was used as auxiliary 
electrode. All potentials were measured against a saturated calomel electrode (SCE) as a reference electrode. All 
the measurements were carried out in air-saturated solutions and at 50 °C. 
 Electrochemical impedance spectroscopy (EIS) 

Impedance spectra were obtained in the frequency range between 100 KHz and 50 m Hz using 10 steps 
per frequency decade at open circuit potential after 3 h of immersion time. AC signal with 10 mV amplitude 
peak to peak was used to perturb the system. EIS diagrams are given in Nyquist representation. 
 Surface tension measurements 

The surface tension (�) was measured using (Krüss K 6 Tensiometer type, a direct surface tension 
measurement using ring method) for various concentrations of the investigated surfactants. 
Energy dispersive analysis of X-rays (EDX) 

EDX system attached with a JEOL JSM-5410 scanning electron microscope was used for elemental 
analysis or chemical 
Evaluation of multifunction chemicals against Sulfate Reducing Bacteria (SRB) 

This test has been conducted according to ASTM D4412-84 (re-approved 1990) .The tested water has 
been subjected to growth of about 107 bacterial cell/ml. Both surfactant  (I, II) were tested as biocides by doses 
of 35, 75, 100, 150,175 ppm and the system was incubated to contact time 3.0 hours, each system was cultured 
in SRB specific media. 
 
Results and Discussion 
 
Potentiodynamic polarization measurements 
 

Figs. 3 & 4 show the cathodic and anodic polarization curves of carbon steel immersed in deep oil 
wells formation water under CO2 environment at 50 0C  in the absence and presence of different concentrations 
of the inhibitors (I &II). Electrochemical parameters such as corrosion potential (Ecorr.), corrosion current 
density (icorr), cathodic and anodic Tafel slopes (bc and ba) and polarization resistance (Rp) were calculated. 
From the obtained polarization curves, it is clear that the corrosion current densities (icorr.) were decreased with 
increasing concentration of inhibitor with respect to the blank (inhibitor free solution). These results greatly  
confirm the formation of a good protective layer on the surface of carbon steel. The degree of surface coverage 
(Ɵ) and the percentage inhibition efficiency (ƞ%) were calculated using the following equations (Zhang et al., 
2009) 
Ɵ = 1 - i/i0        (1) 
ƞ% = (1- i/i0 ) x 100       (2) 
where i0 and i are the values of corrosion current densitiy in the absence and presence of the inhibitor, 
respectively.  
From the obtained data, it is clear that Tafel lines are shifted to more negative and more positive potentials for 
the anodic and cathodic processes, respectively relative to the blank curve. This means that the selected 
compounds acts as mixed type inhibitors, i.e., promoting retardation of both anodic and cathodic reactions. Also, 
the slopes of the cathodic and anodic Tafel lines are approximately constant and independent on the inhibitor 
concentration. This means that, the selected inhibitors has no effect on the metal dissolution mechanism.  
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Fig.3.Potentiodynamic polarization curves obtained for carbon steel immersed in oil fields formation water in 

the absence of various concentrations of the inhibitor [I] at 50oC under CO2 environment.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Fig. 4. Potentiodynamic polarization curves obtained for carbon steel immersed in oil fields formation water in 

the absence of various concentrations of the inhibitor [II] at 50oC under CO2 environment.  
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Complete data obtained from polarization measurements are summarized and listed in Table (3).The results 
indicate that the percentage inhibition efficiency (ƞ%) of the inhibitor (II) is greater than that of inhibitor (I). 
This could be attributed to the introducing of OH group  which is an electron donating group. This can be 
facilitate d � – d � bond with the metal surface (Al-Sabagh et al., 2012). 
  
Table 3. Potentiodynamic polarization parameters obtained for carbon steel in oil wells formation water in the absence and presence of 

various concentrations of the  inhibitor( I ), inhibitor( II )at 50oC under CO2 environment . 

Inhibitor 
Conc., 
ppm 

-Ecorr, mV  Icorr, μA/cm² 
Corrosion rate 

µm/Y 
IE,% 

I 

0 1055.8 47.9 528.2 --- 
35 966.1 25.4 280.6 46.9 
75 971.4 17.8 196.2 62.8 

100 966.7 12.5 137.3 74.0 
150 968.3 10.1 111.3 78.9 
175 962.5 8.5 93.7 82.2 

II 

35 964.4 20.2 222.7 57.8 
75 973.5 16.3 179.7 65.9 

100 956.1 10.7 106.9 77.6 
150 957.6 7.4 81.6 84.5 
175 964.3 6.3 68.3 86.8 

  
 
Electrochemical impedance spectroscopy (EIS) 

The corrosion behavior of carbon steel in deep oil wells formation water under CO2 environment at 50 
0C in the absence and presence of various concentrations of inhibitor (I) and inhibitor (II) were investigated by 
EIS technique. Nyquist plots are shown in Figs. 5 & 6. It is clear from the plots that the impedance response of 
carbon steel in formation water was significantly changed after the addition of the inhibitor molecules. Various 
parameters such as the charge transfer resistance (Rt), double layer capacitance (Cdl) and percentage inhibition 
efficiency (ƞ%) were calculated according to the following equations (Yadav, et al.,2004) : 
 Rt = Z1

re. (at low frequency) - Z1
re. (at high frequency)                                  (3) 

Cdl =                                                                                                         (4) 

Where fmax represents the maximum frequency at which the imaginary component is maximal – Z max . 

The percentage inhibition efficiency ƞ% was calculated from the values of Rt using the following equation: 
ƞ% = [1- (Rt /Rt(inh))] x 100                                                                                  (5) 
where Rt and Rt(inh) are the charge transfer resistance values in the absence and presence of inhibitor, 
respectively. 

All calculated parameters are summarized and listed in Table (4). From the obtained results, it is clear 
that the values of charge transfer resistance (Rt) are increased by increasing the inhibitor concentration ,while  
the values of electrochemical double layer capacitance (Cdl) are decreased. This indicates that the surfactant 
molecules inhibit corrosion rate of carbon steel in deep oil wells formation water by adsorption mechanism 
[Khaled,2006]. For analysis of the obtained impedance spectra, the equivalent circuit (EC) was obtained using 
Boukamp program as shown in Fig. 7,  where RS is the solution resistance , Rt is the charge transfer resistance 
,Cdl is the electrochemical double layer capacitance , Rf is the film resistance and Cf is the film capacitance. 
From EIS data it was found that the percentage inhibition efficiency of inhibitor (II) is greater than that of 
inhibitor (I) thereby, agreeing with aforementioned results of  potentiodynamic polarization measurements. 
Scanning electron microscopy (SEM) 

Fig. 8a shows SEM image of polished carbon steel surface. The micrograph shows a characteristic 
inclusion, which was probably an oxide inclusion (ASTM E 45-87, vol. 11, (1980) ASTM, Philadelphia, PA, 
125.). Fig. 8b shows SEM of the surface of carbon steel specimen after immersion in formation water for 70 
days in absence of inhibitor, while Fig. 8c shows SEM of the surface of another carbon steel specimen after 
immersion in formation water for the same time interval in the presence of 175 ppm of the compound II. The 
resulting scanning electron micrographs reveal that, the surface was strongly damaged in the absence of the 
inhibitor, but in the presence of 175 ppm of the compound( ɪɪ), there is less damage in the surface. This confirms 
the observed high inhibition efficiency of compound (ɪɪ) at this concentration. 
Energy dispersive analysis of X-rays (EDX) 

The EDX spectrum in Fig. 9a shows the characteristic peaks of some of the elements constituting the 
polished carbon steel surface. The spectrum of the polished carbon steel surface after immersion in the 
formation water in the absence and presence of inhibitor (II) for 70 days, is shown in Figs. 9b and c), 
respectively. The spectrum of Fig. 9c shows that the Fe peak is considerably decreased relative to the samples in 
Figs. 9a and b). This decreasing of the Fe band is indicated that strongly adherent protective film of inhibitor (II) 
formed on the polished carbon steel surface, which leads to a high degree of inhibition efficiency (Amin, 2006). 
The oxygen signal apparent in Fig. 9b is due to the carbon steel surface exposed to the formation water in the 
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absence of inhibitor (II). Therefore, the EDX and SEM examinations of the carbon steel surface support the 
results obtained from the chemical and electrochemical methods that the synthesized surfactant inhibitors are a 
good inhibitor for the carbon steel in the oil wells formation water.  
 

 
Fig. 5. Nyquist plots for carbon steel in oil wells formation water under CO2 environment at 50 0C  in the 

absence and presence of different concentrations of inhibitor (I). 

 

Fig. 6. Nyquist plots for carbon steel in oil wells formation water under CO2 environment at 50 0C  in the 

absence and presence of different concentrations of inhibitor (II). 
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Fig. 7. Equivalent circuit used to model impedance data of carbon steel in oil well formation water at 50oC 

under CO2 environment.  

Table 4. Electrochemical impedance spectroscopy parameters obtained for carbon steel in oil wells formation water in the absence and 
presence of various concentrations of the  inhibitor( I ), inhibitor( II )at 50oC under CO2 environment .. 

Inhibitor Conc., 
ppm 

Coefficient f,R 
2.cm�K 

f,C 
2-μFcm 

t,R 
2.cm�K 

, dlC 
2-μFcm 

η % 

I 0 0.99 --------- ------ 0.49 113.4 ------ 
35 0.99 0.52 44.6 1.94 22.8 74.7 
70 0.98 0.55 45.4 2.61 19.3 81.2 

100 0.98 0.58 43.2 4.19 16.5 88.3 
150 0.98 0.61 41.3 4.77 14.8 89.7 
175 0.98 0.64 34.8 5.64 13.9 91.3 

II 35 0.99 0.55 51.2 2.41 21.3 79.8 
70 0.98 0.57 47.6 2.84 18.7 82.7 

100 0.98 0.61 44.5 4.24 17.5 88.4 
150 0.98 0.63 42.4 6.35 15.1 92.2 
175 0.98 0.66 37.1 6.78 13.2 92.7 

 

 

a b c 

 
Fig. 8. SEM images for the carbon steel surface: (a) polished sample, (b) after immersion in the oil wells 

formation water (c) after immersion in the oil wells formation water at 50oC under CO2 environment in 

the presence of inhibitor( II). 
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a

 

 b

 

c

 

Fig. 9.  EDX of the carbon steel surface: (a) polished sample, (b) after immersion in the formation water and (c) 
after immersion in the formation water at 50oC under CO2 environment in the presence of inhibitor ( II ) 

 
 
Table 5. Efficiency of the two synthesized inhibitors ( I &II) as biocides. 

Inhibitor dose, ppm SRB count  

                                          Cell/ml 175 150 100 75 35 

Nil Nil 103 103 104 Inhibitor I 
Nil Nil  Nil 103 103 Inhibitor II 

*Blank = 107Cell/ml 
 
Table 6.  Surface active properties of the synthesized compounds I, II 

Inhibitor Temp. 
-CMC mole.dm

3 

cmc 

1-mN.m 

-, mol.mmax

2 

minA 

2nm 

CMC, 

1-mN.m 

micG 

1-kJ.mol 

adsG  

1-kJ. mol 

I 25C 4-2.75x10 34 10-1.3x10 126 38.3 -20.3 -23.2 

II 25C 5-3.7x10 33 11-x10 8.25 201 39.3 -26.17 -30.8 

 
Efficiency as biocide 
 

 The antimicrobial activity of the two studied biocide (I,II) against SRB was   determined by a serial 
dilution method at dosages of (35,70,100,150,175 ppm by weight ) and the results are listed in Table 5 . The two 
cationic surfactants were applied as biocides against sulfate –reducing bacteria showed imposing results due to 
their relatively high efficiency against this type of bacteria (Aiad et al., 2014). Both tested compounds (I,II) 
have high efficiency even at low concentrations. The two compounds have Biocidal effect at dosage of 35 ppm 
by weight . This test has been conducted according to ASTM D4412-84(re-approved 1990). The tested water 
has been subjected to growth of about 107 bacterial cell/ml. Two chemical samples (I & II) were tested as 
biocides by doses of 35, 75, 100, 150,175 ppm and the system was incubated to contact time 3.0 hours, each 
system was cultured in SRB specific media.   
 
Surface tension measurements 
 

The CMC values of the synthesized surfactants were determined at various temperatures from the 
change in the slope of the plotted data of surface tension () versus the natural logarithm of the solute molar 
concentration; ln C, as shown in Fig. 10. The data obtained from surface tension are calculated and summarized 
and listed in Table 6.From these obtained data, it is obvious that the inhibitor II has the more –ΔGads value, 
which indicates that the inhibitor molecules adsorbed strongly on the interface. Generally, the –ΔGads is slightly 
greater than –ΔGmic, which mean that the molecules are preferring to adsorb on the interface than to make 
micelles. Therefore, the maximum –ΔGads.  (-39.90 KJ/mol) was obtained with inhibitor (II) exhibited more 
efficiency than inhibitor (I), as per proved by both polarization and impedance evaluation methods. 
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Fig. 10. Surface tension vs. log C of compounds (I&II). 

Conclusion: 
 
1-The two  investigated cationic surfactants used in this study can be used as  inhibitors for corrosion of carbon 

steel in oil well formation water under CO2 at 50 0C, but inhibitor II is more effective. 
2- The values of the percentage inhibition efficiency obtained from potentiodynamic polarization and 

electrochemical impedance spectroscopy are in good agreement. 
3- The potentiodynamic polarization curves indicated that the inhibitor molecules inhibit both anodic metal 

dissolution and also cathodic oxygen reduction, so that the undertaken surfactants classified as mixed – type 
inhibitors. 

4- The inhibition mechanism is attributed to the strong adsorption ability of the selected surfactants on carbon 
steel surface, forming a good protective layer, which isolates the surface from the aggressive environment. 

5- The formation of a good protective film on carbon steel surface was confirmed using SEM and EDX 
techniques. 

6- The two  prepared cationic surfactants can be act as biocide in addition to its effect as corrosion inhibitor. 
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