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ABSTRACT 
 
Name: Mariem Mohamed Ahmed Motawea 
Title of Thesis: "Corrosion behaviour and its inhibition of carbon steel in 
acidic and neutral aqueous media" 
Submitted by: Mariem Mohamed Ahmed Motawea 
For the Ph.D., Faculty of Science Cairo University 2009 
, The present work aimed to study the corrosion behaviour of carbon steel in 
HC1 and 3.5%NaCl solutions and its inhibition by using organo-phosphorus 
compounds and inorganic additive. The phosphorus compounds are tri-n-butyl 
phosphate (TBP) and tri-n-octyl phosphine Oxide (TOPO). The inorganic 
additive was Zn+2 (as ZnSO4 ).The techniques of measurements used in this 
study were: weight loss, corrosion penetration, ,  poteniostatic polarization, 
and electrochemical impedance spectroscopy. The results indicated that the 
rate of corrosion of carbon steel in acidic media is higher than in neutral 
media . The inhibition efficiency (I.E %) was calculated from the data of the 
different techniques. The value of I.E % increases gradually with the increase 
of inhibitor concentration (TBP) or (TOPO) reaching a limiting value at 
higher concentrations of inhibitor in acidic and neutral medium. The 
combinations (TBP + Zn+2 ions up to5x10-2M) have higher inhibition 
efficiency than TBP alone. Also, the combinations (TOPO + Zn+2 ions up to 
5x10-2M ) have higher inhibition efficiency than (TOPO) alone in neutral 
medium. The adsorption of the inhibitors on the metallic surface could be 
physically or chemically. The inhibitors TBP and TOPO acted as anodic 
inhibitors by the formation of Fe+2-TBP and Fe+2-TOPO complexes,. The 
combinations (TBP + Zn+2 ions),(TOPO + Zn+2 ions) in neutral media 
acted as mixed inhibitors. 
Key words: corrosion inhibition, carbon steel, HCl, NaCl, inhibitors and 
organo-phosphorus compounds. 
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 مريم محمد احمد مطاوع: االسم 
 

 الحمضية األوساطصلب الكربوني وتثبيطه في السلوك التاكلى لل ":عنوان الرسالة 
  "المائية و المتعادلة

  
  :ملخص البحث 

  
يتعلق موضوع البحث في الرسالة إلى دراسة السلوك التاكلى للصلب الكربونى في محاليل    
كلوريد الصوديوم و تثبيط ھذا التاكل باستخدام % ٣.٥& موالر حمض الھيدركلوريك ٠.٥

ة وبعض المركبات غير العضوية وتشمل ھذة المركبات على ثالثى مركبات الفسفور العضوي
وايونات الزنك وقد تم استخدام ) TOPO(وثالثى اوكتيل الفوسفين ) TBP(بيوتيل الفوسفات 

االستقطاب  - ٣نفاذية التاكل       -٢       الفقد في الوزن -١ ..  التقنيات التالية في القياسات
وأوضحت النتائج أن معدل التاكل يزداد بزيادة درجة . قة الكھربيةالمعاو -٤البيوتنشاستاتيكى 

ووجد أن التركيزات العالية . الحرارة في كل من حمض الھيدروكلوريك وكلوريد الصوديوم
لھا تأثير تثبيطى على التاكل للصلب الكربونى في ) TOPO(وكل تركيزات ) TBP(من

ت الفوسفورية العضوية في حمض الھيدروكلوريك تزداد كفاءة تثبيط المركبا. المحاليل المائية
ايونات الزنك لھا تأثير . بزيادة درجة الحرارة بينما تقل ھذة الكفاءة في محلول كلوريد الصوديوم

تثبيطى في محلول كلوريد الصوديوم حيث تزداد بزيادة التركيز حتى درجة معينة وبعدھا يقل 
مختلطة مع ايونات الزنك لھا تأثير ) TBP ( ،)TOPO(كما أن تواجد كل من . التأثير التثبيطى

أعلى عنھا ) TOPO(كما أن كفاءة التثبيط لمركب . كبير على كفاءة التثبيط للمخاليط المستخدمة
وھذا يرجع إلى اختالف طول مجموعات االلكيل المتواجدة في ھذة ) TBP(في حالة المركب 

متزاز الكيميائي والفيزيائي لھذه المركبات اال كما انه فسرت عملية التثبيط على حدوث. المركبات
  .للمركبات تحت الدراسة االمتزاز تم تعيين منحنيات و
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Aim and scope of the present work 
 
 

The carbon steel is used as essential parts in the manufacturing of installation used in 

the petroleum industry. These installations may be subjected to corrosion in different 

media. The use of inhibitors is one of the most practical methods for the protection 

against metallic corrosion, especially in acidic media. Hydrochloric acid is often used 

in pickling of steel and ferrous alloys. Inhibitors find application in pickling, cleaning 

of boilers, acidification of oil wells, ...etc. Organic compounds containing both 

phosphorus and oxygen atoms are of particular interest as they give good inhibition 

efficiencies. 

 

The present work is devoted to the study of the corrosion behaviour of carbon steel in 

hydrochloric acid solution and NaCl solution and its inhibition by organic-phosphorus 

compounds and some inorganic  additives in combination with these organo- 

phosphorus compounds. 

 

The organo-phosphorus compounds are: Tri-n-Butyl Phosphate (TBP) with molecular 

formula [CH3(CH2)3O]3P(O) and Tri-n-Octyl Phosphine Oxide (TOPO) with 

molecular formula [CH3(CH2)7]3P(O). The inorganic additive is: Zinc sulphate 

heptahydrate (ZnSO4.7H2O).  

 

The Techniques used for measurements  in this study are: 

 

 1- weight loss measurements, where the weight loss of the carbon steel coupons was 

determined in the absence and presence of different concentrations of inhibitors 

(TBP) or (TOPO) and in the combination with (Zn+2) ions at different temperatures. 

From these measurements the corrosion rate (Rw, mpy) is determined. From the 

values of (Rw) the inhibition efficiencies (I.E %) and surface coverage (θ) were 

calculated. 

 

2-Corrosion penetration measurements were carried out, and the value of corrosion 

penetration(CP,cm) is determined. From the values of (CP) and parabolic rate 



constant (k). the inhibition efficiencies (IE %) and surface coverage (θ) were 

calculated.                                                                                                                                                       

3-Polarization measurements, where the potential was plotted against logarithm of the 

current density. From the polarization curves the values of (Ecorr, icorr) cathodic and 

anodic Tafel,s slopes(βc, βa) were deduced. The inhibition efficiency (IE%) of the 

investigated additives was calculated from the values of (icorr) 

 

 4-Electrochemical impedance spectroscopy which are shown as Nyquist and Bode 

plots. From these measurements the values of charge transfer (Rp) and the capacity of 

the double layer (Cdl) are calculated for the carbon steel electrodes in different 

operating conditions. From the values of (Rp ) the values of inhibition efficiency were 

calculated for the investigated inhibitors.  

 

From the above mentioned measurements the type of adsorption isotherm is 

elucidated. This is done from the experimental relationship of the surface coverage (θ) 

and concentration (C). 
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Introduction 
Aim and scope of the present work 

 
 

The carbon steel is used as essential parts in the manufacturing of installation 

used in the petroleum industry. These installations may be subjected to corrosion 

in different media. The use of inhibitors is one of the most practical methods for 

the protection against metallic corrosion, especially in acidic media. 

Hydrochloric acid is often used in pickling of steel and ferrous alloys. Inhibitors 

find application in pickling, cleaning of boilers, acidification of oil wells, ...etc. 

Organic compounds containing both phosphorus and oxygen atoms are of 

particular interest as they give good inhibition efficiencies. 

 

The present work is devoted to the study of the corrosion behaviour of carbon 

steel in hydrochloric acid solution and NaCl solution and its inhibition by 

organic-phosphorus compounds and some inorganic  additives in combination 

with these organo- phosphorus compounds. 

 

The organo-phosphorus compounds are: Tri-n-Butyl Phosphate (TBP) with 

molecular formula [CH3(CH2)3O]3P(O) and Tri-n-Octyl Phosphine Oxide 

(TOPO) with molecular formula [CH3(CH2)7]3P(O). The inorganic additive is: 

Zinc sulphate heptahydrate (ZnSO4.7H2O).  

 

The Techniques used for measurements  in this study are: 

 

 1- weight loss measurements, where the weight loss of the carbon steel coupons 

was determined in the absence and presence of different concentrations of 

inhibitors (TBP) or (TOPO) and in the combination with (Zn+2) ions at different 

temperatures. From these measurements the corrosion rate (Rw, mpy) is 
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Introduction 
determined. From the values of (Rw) the inhibition efficiencies (I.E %) and 

surface coverage (θ) were calculated. 

 

2-Corrosion penetration measurements were carried out, and the value of 

corrosion penetration(CP,cm) is determined. From the values of (CP) and 

parabolic rate constant (k). the inhibition efficiencies (IE %) and surface 

coverage (θ) were calculated.                                                                                                       

3-Polarization measurements, where the potential was plotted against logarithm 

of the current density. From the polarization curves the values of (Ecorr, icorr) 

cathodic and anodic Tafel,s slopes(βc, βa) were deduced. The inhibition 

efficiency (IE%) of the investigated additives was calculated from the values of 

(icorr) 

 

 4-Electrochemical impedance spectroscopy which are shown as Nyquist and 

Bode plots. From these measurements the values of charge transfer (Rp) and the 

capacity of the double layer (Cdl) are calculated for the carbon steel electrodes in 

different operating conditions. From the values of (Rp ) the values of inhibition 

efficiency were calculated for the investigated inhibitors.  

 

From the above mentioned measurements the type of adsorption isotherm is 

elucidated. This is done from the experimental relationship of the surface 

coverage (θ) and concentration (C). 
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Introduction 
 

Introduction 
 

   With every passing year inhibitors are increasingly important for anticorrosive protection of 

metals and their alloys in diverse branches of technology and economy. The use of inhibitors 

to protect metals against corrosion is based on the ability of certain individual chemical 

compounds or mixtures of them to reduce the rate of the corrosion process or to completely 

suppress this process when they are introduced in small concentrations into a corrosive 

medium. Inhibitor was defined by National Association of Corrosion Engineer [1] as a 

substance which retards corrosion when added to an environment in small concentrations. 

 

Inhibitors are applied to protect metals during pickling, during the extraction and processing 

of oil and gas, in heat exchange equipment and cooling systems, during water treatment, in 

power engineering facilities in machine construction...etc. Some new applications of 

inhibitors have been found, and in particular inhibitors have begun to be used in rocket 

technology and introduced more widely into greases, oils, fuels, brake fluids, emulsions....etc. 

 

Unfortunately, however most companies manufacturing the corrosion inhibitors do not 

divulge their composition, so that it is sometimes difficult to get an idea of which chemical 

compounds or functional groups perform the protective functions in complex compounds or 

mixtures. 

 

The corrosion behavior of Fe and carbon steel samples in oxalic acid solutions by the use of 

cyclic voltammetry. Two peaks were observed; the first one is anodic peak due to the active 

dissolution of Fe as Fe2+. The second one is unexpected reductive dissolution peak which 

could be observed in the cathodic branch of cyclic voltammetry. This peak is due to 

continuous dissolution of the electrode at a rate as that of the anodic dissolution along active 

region. Sato et. al. [2] found that, the amount of reductively dissolved iron during cathodic 

reduction of the anodic oxide film formed on iron in boric-borate solutions exceeds the 

amount calculated from the charge of the anodic oxide film assuming iron (III) is formed. 
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Introduction 
This phenomenon was attributed to the dissolution of underlying Fe which would occur at a 

higher rate in .acid solution. 

 

The primary step in the action of corrosion inhibitors in the acid solutions usually is the 

adsorption of inhibitors onto the metal surface [3]. The adsorption process depends upon 

electronic characteristics of the corrosion, steric effect, multilayer adsorption and the degree 

of surface activity. 

 

Fouda et. al., [4] studied the corrosion inhibition of iron in 2M HNO3 by thiophene and some 

of its derivatives using both electrochemical polarization and weight loss measurements. The 

results showed that- the inhibitors under consideration, influencing both the cathodic and 

anodic processes, are adsorbed on the metal surface in their molecular form. They do not 

change the mechanism of the reaction between iron and nitric acid, but decrease its rate. This 

effect is controlled by the values of their dipole moments. The weight loss technique also 

gave the same order of inhibition efficiency of the tested inhibitors. 

 

Some quaternary ammonium compounds were prepared from Cyclo-aliphatic amines and 

have been tested as corrosion inhibitors for mild steel in 50% H3PO4 by weight loss and 

polarization techniques [5]. Both the two techniques gave the same order of inhibition. It is 

suggested that these heterocyclic quaternary ammonium compounds act mainly as cathodic 

inhibitors of the acid corrosion of mild steel. The degree of coverage of electrode surface was 

calculated from the corrosion rate with and without inhibitor. Also thermodynamic parameters 

for the adsorption process were calculated and discussed. 

 

Dissolution of mild steel in sulfuric acid was studied in the presence and absence of magnetic 

field, with and without inhibitor, under various conditions [6]. The magnetic field reduced the 

dissolution of the steel, the effect being greater at lower concentrations of acid and in the 

absence of inhibitor. The steel was protected to a greater extent at longer immersion times. 

 

Hettiarachi et. al, [7] studied the effectiveness of phthalocyanines as acid corrosion inhibitors 

for steel. It was found that water soluble tetrasulfo phthalocyanines are very poor corrosion 

inhibitors. Water insoluble tetraaminophthalocyanines serve as better corrosion inhibitors than 

the water soluble ones when the metal surface is coated with an adsorbed layer of the 
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phthalocyanine. Water insoluble polymeric phthalocyanine coatings based on Fe(III) centers 

gave inhibitor efficiencies as high as 82% as confirmed by both slow potentiodynamic by 

simple dip coating followed by heat treatment of the coated surface at 723K in an inert 

atmosphere. The resulting coating is adherent and electrically conducting, thereby providing a 

unique set of conducting polymer inhibitors that can be used in acid environments. 

 

The effect of propagyl alcohol on the corrosion of carbon steel in a various concentrations of 

hydrochloric acid solutions at 313 and 333 K was studied [8]. The rate of corrosion was 

measured electrochemically using a polarization technique. The results obtained showed that 

the rate of dissolution of carbon steel is considerably decreased by propagyl alcohol in 

aqueous hydrochloric acid solutions at 313K and 333K. Capacitance measurements indicated 

that the inhibitor species are adsorbed on the steel solution interface to a greater extent in the 

range of negative polarization. On the basis of impendence spectroscopy measurements the 

characteristics of the adsorption were separated from those of the electron transfer process. 

 

Schultze et. al., [9] investigated the action of polyacrylic acid (PA) and polyacrylamide 

(PAA) on the corrosion of iron and steel in both H2SO4 and HC1 solutions using both 

polarization and double layer capacity measurements. They found that, these two compounds 

show fairly good protection efficiency (up to 80%). On the other hand, the polarization 

measurements indicated that PA and PAA are slightly increased while the capacity 

measurements showed a decrease of double layer capacitance in the presence of polymer 

indicating that adsorption of the polymer occurs at the metal surface. 

 

For protecting mild steel from corrosion, amino-trimethylidenephosphonic acid (ATMP) was 

more effective than 1-hydroxyethylidene diphosphonic acid (HEDP), N.N- dimethylidene 

phosphonoglycine(DMPG),1 –ethyl phosphonoethylidenedi phosphonic acid  (EEDP),and 

ethylenediamineetetramethylidenephosphonic acid (EDTMP) [10]. A 20-min treatment in 1.0 

mol/1 of ATMP with a pH 0.23 at 45°C formed an anti-corrosive complex film that was 

composed of 48.4% O, 28.6% P, 7.0% Fe, 4.3 % N, and 11.7 % C, based on x-ray 

photoelectron spectroscopy and Auger electron spectroscopy. From differences in binding 

energies of Fe, N, and O, in the shift of C-N and P-O vibration, in the reflection FTIR spectra, 

and in the change of P-OH and Fe-N vibration before and after film formation, it was deduced 

that N and O in ATMP were coordinated with Fe+2 in the film. 


