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Abstract 

tainl ss t e ls ha e be n extensivel us d in automotive, 

industrial e lectronics etc . applications. I ron (Fe) and chromium Cr) are 

the main elements with weight percentage contribution of 60-75% and 

1 0-25% respectively. Other elements such as Ni Co, Mo, Mn, C etc. are 

also present ith ariable concentrations. The purpose of this work is to 

u e different electrochemical and surface techniques to study the 

corro ion behavior of stainless steel type 3 1 6  (percent composition of 

different chemical elements are listed in table 1 )  in acid media in 

presence and absence of different thiophene derivatives ( l ist of inhibitors 

in figure 1 ) . Moreover other important goals were to study the effect of 

adding chloride ion to the acidic media on the corrosion behavior of 

stainless steel protection efficiency of ihibitors studied, and to determine 

the temperature coefficient and the adsorption isothem1 of the inhibitor on 

the stainless steel type 3 1 6 . 

Electrochemical techniques such as potentiodynamic polarization 

Tafel  experiments, polarization resistance and electrochemical 

spectroscopy were used to evaluate the effect of the inhibitors on the 

corrosion of stainless steel type 3 1 6 . Surface analyses were employed to 

study the surface morphology and structural  analysis of the surface using 

II 



canning electron microscope(SEM), Fourier Transform infrared(FT-I R), 

and x-ra diffract ion techniques EDAX. 

The results showed distinct effects for the different inhibitors used 

that depend on the molecular structure and the electron density on the 

u lfur atom of the thiophene ring. The order of inhibition efficiency was 

2-thiophene carboxylic hydrazide > 2-thiophene carboxyl ic  acid > 3 -

thiophene caroxaldhyde > 2-acetyl thiophene. It was conc luded that the 

inh ibitors studied were of the mixed type. 

The adsorption pattern for the inhibitors at the stainless steel 

surface fol lowed a Langmuir isotherm model .  The thermodynamic 

parameters of adsorption were calculated. I t  was concluded that a thin 

la er of inhibitor i s  formed at the surface of steel preventing the corrosion 

of the specimen in  the acid medi um. I t  was also suggested that anchoring 

of the sul fur atom of the thiophene ring to the surface of the stain less steel 

takes place that al lowed a blanket of the inhibitor molecule to cover the 

surface .  

Surface reflectance FT-IR proved the adsorption of the i nhibitor 

molecule at the stainless steel surface. Scanning e lectron microscopy 

showed that the presence of inhibitor protected the surface of the stain less 

steel against p itting in chloride-containing sulfuric acid e lectrolyte. 
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1 .  General In trod u ction 

The fi I d  of corrosion has seen a tremendous amount of research 

and development stimulated by problems related to great advances in  

technolog. and facilitated by parallel advances in  techniques for 

investigat ing corrosion problems.  

On the other hand corrosion i s  an electrochemical process that, 

lead to the deterioration of a metal or alloy as a result of exposur� to and 

react ion with its environment [ 1 ] .  Therefore, the use of electrochemical 

techniques to study the corrosion behavior of  stainles s  steels has been 

increased considerably in the last two decades.  This  has lead to 

improving the ability to predict, by short-term laboratory tests, the 

behavior and deterioration of  stainless steel i n  d ifferent environments. 

Stainless steels have a technological and econom i c  importance [2] . 

Sta inless steels are iron alloys containing a minimum of approximately 

1 1  % c hromium.  Thi s  amount of  chromium prevents the formation of rust 

in  "unpolluted" atmospheric environments [3] . Nowadays, there are 

more than 1 90 different kinds of alloys that can be recognized as 

belonging to the stainless steel fam ily. In some steels c hromium content 

approaches 3 0% and many other elements are added to provide specific  

properties. For example, n ickel and  molybdenum are added for corrosion 

resi stance, carbon, molybdenum, t i tanium, aluminum, and copper for 

strength, sulfur and selenium for machinability, and n ickel for formability 



and toughness. The austenitic stain less steel type 3 04 has a predominant 

ranking among al l types of steels  in terms of yearly produced amount. 

rom corrosion resi stance viewpoint, of interest is the low-carbon grades: 

types 304 L, 3 1 6L and 317L. In these grades, the carbon content is 

reduced to 0.03% to improve resi stance to sensitization.  Figure 1 

i l l ustrates the compositional and property l inkages in  the stainless steel 

fami ly of al loys [4] . 

Stainless steels are used in a wide variety of services m which 

primary considerations are long service life (in a given environmental 

condition), re l iabi l ity appearance, and sanitary factors . Stainless steels 

are also successful ly used in many applications such as architecture, 

a ircraft and aerospace, electronics, food and beverage industries, home 

appl iances, medic ine, solar heating and transportat ion.  Of recent interest, 

i s  the use of metals in the medical field [ 5 ] . For instance, stain less steels 

have replaced the vanadium steel p lates and screws used in orthopedic 

surgery. By 1 946, the American Col lege of Surgeons endorsed Types 

3 1 6 and 3 1 7 as the preferred grades of stainless steel s  and currently the 

low-carbon grades are employed. 
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2 .  The electrochemistry of corrosion 

As in the case of a battery, the meta l l i c  corrosion proceeds by an 

anod ic reaction, a cathodic reaction, electrolytic ion migration and current 

flow. The anodic react ion, the oxidation of the metal atoms, i s  for 

example the fonnat ion of ferrous ions from the steel surface: 

( 1 )  

The possible and s imultaneous cathodic reactions, depending .on pH, 

cou ld be one of the fol lowings : 

2W + 2e � H2 

2I1 + 1202 + 2e � H20 

H20 + 1202 + 2e � 20H-

( in  ac id solutions) 

(in basic or neutral so l utions) 

(2) 

( 3 )  

(4) 

The theoretical basis  for e lectrochemical corrosion testing i s  derived from 

the mixed potential theory [6 ] . The corrosion current dens i ty,  icom cannot 

be measured directly, since the current involved is one that flows between 

numerous microscopic anodic and cathodic s ites on the surface of the 

corroding metal . The value of icorr can also be measured by another 

technique, general ly known as " l inear polarization." Thi s  technique i s  

based on  the theoretical and practical demonstration that a t  potentials 

very c lose to Ecom ± 1 0 m V, the s lope of the potential/appl ied current 

curve is approximately l inear [7] .  This s lope, LiE/ L1i, has the units of 
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resistance . I t  has been also shown that the inverse of this slope LiE/Liz, is  

related to icorr according to the equation [8 ,  9]: 

( 1 ) 

Where j3a and j3c are the anodic and cathodic Tafel slopes, respectively. I t  

i s  general ly accepted that the quantity j3a j3j2 .3 (J3a + j3c) is  a constant C .  

Therefore, the expression is reduced to the fol lowing: 

c( t-,i) [corr = 
M 

(2) 

On the other hand, the corrOSlOn rate of "reactive" metals can be 

suppressed to a great extent by a modification of the metal surface by 

organic molecules or polymers . A wel l-known example is the corrosion 

protection by lacquers and other organic  coatings [ 1 0- 1 2] .  This  approach 

was used practically to protect, for example, cars against atmospheric 

corrosion, pipel ines against corrosion in humid  soi l ,  and ships against 

corrosion in seawater. It was shown that the corrosion protection is due 

to the barrier properties of the coating, which prevents the penetration of 

water and oxygen to the metal/polymer interface [ 1 3 ] .  However, many 

coatings are highly permeable for water and oxygen. Thus, it has been 

shown by Feser and Stratmann that the corrosion stabi l ity cal:+sed by 

coatings which are highly permeable for water and oxygen is due to 

specific electrochemical properties of the metal/polymer interface 

5 



[ 1 4,15 ] .  It was suggested that an important example o f  such 

electrochemical properties is the extended diffuse double layer. In the 

presence of defects such as pores, which may penetrate through the 

coating the diffusion barrier is lowered and the delamination rate of the 

polymer defect is determined by the formation of  galvan ic elements . The 

local anode of this element being the defect and, the local cathode is, in  

th is  case the metal/polymer interface at  which predominantly o�ygen i s  

reduced [16 17] .  The stabi l i ty of the metal/polymer interface is 

determined by inhibition of the oxygen reduction at the interface. It was 

shown that the products of the electrochemical  reduction of oxygen, 

namely ·OH and OH-, have detrimental effects on the chemical bonding 

within the polymer fi lm [18 ] .  From the previous discussion we can 

conclude that the corrosion inhibition of the coating depends to a greater 

extent on the composition, structure, and chemical bonding at the 

substrate/polymer interface than on the thickness of the coating. Thus, 

more attention should be directed towards i mproving the chemical 

interaction between the first monolayer of the coating and the substrate in 

order to improve the metal resistance to the attack of water and other 

aggressive ions. In this respect, the development of "molecular adhesion 

promoters" was suggested [19] . The molecular adhesion promoters 

provide a l ink  between the substrate and the organic coating. In this 

respect, reactive centers are prepared on top of the substrate, which can 

6 



serve as anchor sites for suitable functional groups of the orgamc 

molecules [20 2 1 ] . Organic compounds were successfully used as 

corrosion inhibitors [22]. Organic inhibitors are wel l  known to affect the 

rate of meta l l ic corrosion by decreasing the rate of either or both the 

anodic metal di ssolution and the cathodic oxygen reduction [23 ] .  

3. Mech a n isms o f  Corrosion I n h i bit ion by Organ i c  Com pounds :  

The i nh ibition mechanism is  general ly affected by the chemical 

changes occurring to the inhibitor and changes to the electrolyt ic 

medium. The general possible scenarios are the partial  or ful l  d issolution 

of the inhibi tor or its adsorption at the metal surface. 

The use of i nh ibitors to protect metals against corrosion is based on the 

abi l ity of certain individual chemical compounds, or m ixtures of these, to 

reduce the rated of corrosion process, or to completely supress thi s  

process, when they introduce in  smal l  concentrations into corrosive 

medium. Inhibitors can vary the rate of a corrosion process only if they 

influence the kinetic of electrochemical reactions responsible for this  

process. Taking this into acount, i nh ibitors can be c lassified into anodic, 

cathodic and m ixed in  veiw of the fact that the first type predominantly 

retards the anodic reaction, the second retards the cathodic reaction, whi le 

the third retards both reactions simultaneously. 
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Organic  inhibitors, used mainly in acid electrolytes, i n  which the 

stabil ity of the phase layer is  lower, operate according to a different 

mechanism. I n  this case adsorption, and the effect wh ich it has on the 

kinetic of the cathodic, are of great importance. I n  acid e lectrolytes the 

rate of dissol ution can be reduced considerably by lowering the rate of 

cathodic reaction of hydrogen-ion discharge or discharge of some other 

depolarizing agent. Another way to reduce the disso lution �ate is to 

remove the intermediate product of the reduction reaction from the 

reaction sphere. However, some effect of the inh ibititors on the the 

anodic reaction is often observed as wel l  [24] . 

For example, hydrazinium reduces the oxygen activity and adsorb 

at the metal/e lectrolyte interface .  The adsorption of hydrazinium at the 

metal/electrolyte interface leads to the enhancement of passive fi lm 

formation as in  the case of benzotriazol adsorption at the copper surface 

[25 ]  and benzoates on iron surfaces. On the other hand, monomolecular 

adsorption l ayers of inhibitors, known as interfacial i nh ibitors [26] ,  

prevent the d issolution of  the substrate and the reduction of oxygen by 

changing the potential drop across the interface and/or the reaction 

mechanism thereafter. I n  this later case, the electric field at the outer 

Helmholtz plane of the double layer a l lows for the interaction between 

organic ions or dipoles and the electrified metal surface. The nature of 

this interaction is mainly electrostatic, during which a competitive 

8 



Organic inhibitors used mainly in ac id electrolytes, i n  which the 

stabil ity of the phase layer is lower, operate according to a different 

mechanism. In  this case adsorption and the effect which it has on the 

kinetic of the cathodic are of great importance. In acid electrolytes the 

rate of dissolution can be reduced considerably by lowering the rate of 

cathodic reaction of hydrogen-ion discharge or discharge of some other 

depolarizing agent. Another way to reduce the di ssolution rate is to 

remove the i ntermediate product of the reduction reaction from the 

reaction sphere . However, some effect of the inhibit itors on the the 

anodic reaction is often observed as wel l  [24] . 

For example, hydrazinium reduces the oxygen act ivity and adsorb 

at the metal/electrolyte interface.  The adsorption of hydrazinium at the 

metal/electrolyte interface leads to the enhancement of passive fi lm 

formation as  in  the case of benzotriazo l  adsorption at  the copper surface 

[25 ]  and benzoates on iron surfaces. On the other hand, monomolecular 

adsorption l ayers of inhibitors, known as interfacial i nh ib itors [26 ] ,  

prevent the d issolution of the substrate and the reduction of oxygen by 

changing the potential drop across the interface and/or the reaction 

mechanism thereafter. In this later case, the electric field at the outer 

Helmholtz plane of the double layer al lows for the interaction between 

organic ions or dipoles and the electrified metal surface . The nature of 

this interaction is mainly electrostatic,  during which a competitive 

8 



adsorption between water dipoles and the organic molecule take place. 

Bockri s and Swinkels [27] showed that when the potential of the 

electrode is shifted from the potential of zero charge (PZC), at which the 

surface is highly charged water adsorption is more prevai l ing. The 

organic molecule adsorption at the metal substrate, on the other hand 

prevai l  at the vicinity of the PZC whi le cations and an ions adsorption take 

place at potentials negative to PZC and positive to PZC, resp�ctively. 

Specific adsorption can not exclusively be considered because of the 

adsorption dependence on the charge at the metal surface. I t  was 

suggested in the l iterature [28,  29] ,  that the adsorption valency, the 

number of e lectrons exchanged per adsorbed molecule, is typical ly less 

than 1 .  The adsorption which i s  accompanied by a low activation energy 

is fast and reversible, and thus cal led "physisorption ." Strong interactions 

between the e lectrolytic molecules and the surface are observed in the 

case of "chemisorption" which is i rreversible in nature [ 30] . The process 

of chemisorption is specific for certain  metals,  during which an electron 

transfer between the substrate and the adsorbed molecule may occur. 

Thus, the empty electronic bands of the sol id substrates overlap with pair 

of e lectrons of the adsorbed molecules such as N, S, and P.  This  explains 

the slower nature of the "chemisorption" and j ustifies its need for a high 

activation energy. The electron transfer process between the molecule a 

nd the substrate i s  characteristic  for transition metal s  having vacant low-

9 



energy d-electron orbitals .  On the other hand, the higher the 

polarizabi l ity of the heteroatom under consideration (which should 

possess free electron pairs) the stronger is the adsorption. Based on the 

Lewis acid-base concept the inhibitor i s  considered the e lectron donor 

and the metal is the electron acceptor. This rational ization i s  in  good 

agreement with the principle of soft and hard acids and bases (SHAB). 

At this stage, i t  is  i mportant to distinguish between the i ntera�tion of 

corrosion inh ibitors and molecular adhesion promoters. In the case of 

corrosion inhibitors, the composition and structure of the metal surface 

are defined by the corrosive medium. On the other hand, the surface 

properties can be changed and adjusted to the structure of the adhesion 

promoter. Moreover, whi le  inhibitors must be soluble in  the electrolytic 

medium and applied only for wel l-defined reaction conditions, adhesion 

promoters, however, may be applied from aqueous, nonaqueous solvents, 

or the gas phase and the reaction conditions can be optimized for the 

given substrate . 

Adsorption inhibitors may be anions, cations, or neutral molecules e.g. 

organi c  molecules hav ing an e lectric dipole. The protection action of 

adsorption inhibitors is due to a blanking effect over the entire surface.  

It  is  very important to consider the relation between the structure 

of organic inhibitors, their  chemical stabi l ity, and their inhib it ing 

properties. Deal ing with this rel ation, i t  was real ized that the chemical 
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change in the nature of the organic inhibitors may occur as a result of 

interaction with cathodic hydrogen corrosive medium, or dissolved 

metal ions. These interactions may lead to protonation, reduction 

hydrolysis, decomposition or even polymerizat ion of the organic 

inhibitor. This, in tum may lead to decrease or increase in the corrosion 

rate which i s  caused by the transformation products. 

The i nhibition mechanism is generally affected by thermochemical 

changes occurring to the inhibitor and changes to the el ectrolytic 

medium. The general possible scenarios are the partial or ful l dissolution 

of the inhibitor or i ts adsorption at the metal surface 

3. Corrosion i n h ibition  of sta in less steel - Methodologies a n d  

Tech n iq ues 

The protection of iron and stee l  can be achieved in several 

approaches. Thus, the cathodic protection, In which the e lectrode 

potential is depressed to the region of immunity .  This is carried out by 

carefully employing a reducing action on the metal surface .  The 

sacrificial anodes of zinc or magnesium are extensively used in this 

context. The protection of iron and steel by passivation or oxidizing 

inhibitors i s  another alternative. I n  this later case, the e lectrode potential 

of the metal can be rai sed to the region of passivity by adding oxidizing 

inhibitors ( such as chromates), by anodic  polarization of the metal 

substrate in a given electrolyte, or by alkal ization of the solution. The 
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other major means of protection of iron and steel against corrosion are the 

adsorption of inhibitors to the metal surface( as discussed in  the previous 

section), the use of impermeable coatings (such as paints, metal l ic  

coatings, plastic coatings, etc . )  and rubber. 

I n  the fol lowing section, the candidate wil l  survey some of the 

recent l iterature concerning the methodologies and techniques for the 

corrosion inhibition of steels .  Fuj imoto et al . showed recently �hat the 

pitting corrosion resi stance of type 3 04 stainless steel can be i mproved by 

modification of the steel passive film with ultraviolet l ight i rradiation 

[ 3 1 ] . They showed that the pitting potential shifts to the positive 

direction by exposi ng the surface of the steel to UV l ight during the 

passivation step . Moreover, the pit generation rate, was lowered by half 

an order of magnitude fol lowing UV l ight exposure during passivation, 

whi le the repassivation rate, was unaffected. X-ray photo-electron 

spectroscopy revealed additional chromium enrichment in  the passive 

fi lm after exposure to UV l ight during passivation, and this i s  thought to 

be related to the suppression of the pit generation rate. Specific types of 

corrosion can be also inhibited using specific cations or anions. Thus, 

Abal le et al. [32 ]  mentioned that lanthanum, cerium and samarium 

chlorides can be used as uniform and pitting corrosion inhib i tors of A I S I  

434 and A I S I  3 04 stainless steels in  3 . 5% NaCl aerated aqueous 

solutions. The inhibition efficiency was evaluated by using 
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rJectrochemical techniques such as linear and cyclic polarization wrncb 

a cathodic in nature and confinned b SEM and energy dispersive 

'pectro copic techniques . In a imilar Shldy, the influence of sulfate ions 

n the tre corrosion cracking for stainless steel AlSI 321 with constant 

train rate in aqueou chloride solution at relatively high temperatures 

wa e ami ned l33]. In this work the steel specllllens were tested in 

olution with 10-2 M Na2S04 and 10-3 M NaCI and 5 10-3 M NaCl at 1 50 

and 280°C. The presence of S04-2 in cr solutions increases the time to 

fracture and the reduction of area in comparison to Dure cr solution. The - . 

authors explained their observation in tenns of the lower concentration of 

corrosive hydrogen near the fracture surface in comparison with tests in 

cr solutions. 

Corrosion inhibition of mild steel in acid solution by alkylamines 

CALK-AM) and aniline hydrochloric CANL-HCl) salts was investigated in 

the presence of sodium sulfate and sodium chloride using a potentiostatic, 

scaning electron microscope and fourier transfonn infrared techniques 

[34]. Results showed chloride ions have a pronounced effect on 

inhibition of amiTIes and ANL-HCI for corrosion of mild steel. In the 

presence of cr ions, cationic type surfactants were attached to the surface 

through fonnation of chloride precipitate at the surface. In the absence of 

the organic inhibitor, corrosion initiated along the grain boundaries of 

ferrite and pearlite structures. In the presence of organic inhibitor, 
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however, the steel surface was covered by an organic salt precipitation 

and corrosion was reduced. In another study, sulphamethoxazole was 

tested as corrosion inhibitor for mild steel in Hel  solution using 

potentiodynamic  polarization and weight loss techniques [ 35 ] .  Results 

showed that the sulphamethoxazole is an effective inhibitor for mi ld  steel 

i n  this medium. The inhibition was assumed to occur v ia  adsorption of 

the inhibitor molecule on the metal surface . The protection efficiency 

increases with increasing inhibitor concentration but decreases with 

increasing temperature. On the other hand, the effect of changing 

functional groups of some amides and thiosemicarbazone derivatives on 

their inhibition efficiency has been studied on mi ld  steel  [36] . Results 

showed the mechanism of corrosion inhib ition and considered the total 

molecular structure of the i nhibitor that re lates to the nature and spatial 

relationship of the different functional group.  Al l  the compounds studied 

inh ibited the corrosion to varying degrees. However, molecules that 

possessed a thiocarbonyl group, such as thiourea, thioacetamide, and 

thiosemicarbazide have higher inhib it ion efficiency than the 

corresponding compounds that do not, such as urea, acetamide and 

semicarbazide. In another study, the effect of a 2 ,5-disubstituted 1 ,3 ,4-

oxadizoles, on corrosion of mild steel in 1 M Hel and 0 . 5  M H2S04 have 

been investigated [3 7] . The results revealed that these compounds are 

very good inhibi tors and behave better in  1 M Hel than 0 . 5  M H2S04. 
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These compounds acted on the cathodic reaction without changing the 

mechanism of the hydrogen evolution reaction. The changes in 

impedance parameters namely the charge transfer resistance (Rt) and the 

double layer capacitance (Cdl) indicated the adsorption of the inhibitor at 

the surface of the steel .  It was shown that the adsorption mechanism of 

these derivatives in  acidic media fol lowed a Langmuir adsorption 

isotherm. In  another pub l i cation [3 8], the objective was to evaluate the 

effect of changing functional and structural groups on the protection 

efficiency imparted by various inhibitor molecules. It was found that the 

molecules that possessed a thiocarbonyl group exhibi ted much higher 

protection efficiencies than corresponding compounds that did not. 

Furthermore, i t  made only l i tt le d ifference whether the thiocarbonyl 

group was attached to two amino or methyl groups . However, above 

certain concentrations they lose thei r  efficiency and eventual ly become 

corrosion promotors . These results are in good agreement with those 

obtained recently by Lagrenee et al . 

Thiourea and derivatives have been studied as i nhibi tors for mi ld steel 

[39]. Results showed that the i nhibitor efficiency increased with 

molecular weight and inhibitor concentration. Higher inhibitor 

concentrations decreased hydrogen pickup. Thiourea accelerated 

corrosion reaction and hydrogen pickup at h igher concentrations. 

Potential studies showed that cathodic reaction was inhibited at lower 
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concentrations of inhibitor. Moreover anodic reactions were inhibited at 

higher concentrations and results were based on the Langmuir adsorption 

isotherm. I n  other study, the inhibiting action of l inear and cycl ic 

thiocarbamides on mild steel corrosion in 1 M HCl was examined [40] .  It 

was found that the inhibiting effect of these compounds increased with 

the temperature of the corrosion medium. The presence of inhibitor in 

the solution decreases the apparent activation energy of the hydrogen 

evolution reaction . I nhibitor chemisorption on the metal surface was 

described by the Temkin adsorption isotherm. The thiocarbamides 

studied are adsorbed through the sulfur atom that is the adsorption center, 

forming a donor-acceptor between the unpaired electrons of the sulfur 

atom and the positive center of the metal surface. Ita and Offiong [4 1 ]  

indicated from weight loss and hydrogen evolution measurements that 4-

phenylsemicarbazide and semicarbazide actual ly have very significant 

effect on corrosion of mi ld  steel in HCl acid. General ly,  the inhibition 

was found to increase with i ncrease in inhibitor concentration and in half

l i fe, but with a decrease in  temperature and decrease in the first-order rate 

constants obtained at 3 0°C and 40 °C. The results showed that a 

physisorption mechani sm was obeyed and the inhibitors fol lowed the 

Freundl ich adsorption isotherm. 

The influence of the organic sulfur-containing compounds on the 

corrosion of ferritic and austenitic stainless steel in sulfuric acid was 
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studied [42]. The results showed that the anodic dissolution and self

corrosion of stainless steel were remarkably accelerated in solution in 

presence of a low amount of the organic sul fur-containing compounds, 

ca. 0 .02 mmol .dm-
3
. With an increase of the inhibitor concentration the 

molecules adsorbed on the surface and segregated the metal surface from 

the solution, that decreases the anodic dissolution and hydrogen evolution 

current of the stainless steel .  On the other hand, 2-aminobenzqthiazole 

and its derivatives were synthesized, and the ir  inhibitive-action on the 

corrosion of mi ld  steel in 1 M HCI acid was i nvestigated [43 ] .  Al l these 

compounds were found to reduce the permeation of hydrogen through 

m i ld steel in HCI  solution. The determination of the inhibition efficiency 

of these compounds at different temperatures indicated that 2-amino-6-

c hlorobenzothiazole showed the best perfonTlance over 2-

aminobenzothiazole,  2-amino-6-methyl benzothiazole,  and 2-amino-6-

methoxy benzothiazole. Moreover, the study showed that thi s  c lass of 

inhibitors acted as a cathodic type, and the adsorption of these 

compounds obeys Temkin adsorption isotherm. The i nh ibitive action of 

thiourea and its derivatives was investigated on corrosion of A IS I  4 1 0  

sta inless steel using weight loss measurements, potentiodynamic 

polarization and scanning e lectron microscopy technique [44]. Results 

showed that they are effective i nhibitors and they obey Langmuir 

adsorption i sotherm . In this investigation, thiourea, a lky lthiourea, and n-
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hen l thiourea were studied, with n-phenylthiourea showing the highest 

urface co erage and hence being the rna t effi ci ent inJl ibitor. 

The ffect of chloride concentration on early stages of pitting for 

fype 304 tainless teel has been studied using an AC impedance 

ethod . The Warburg impedance coeffiCIent ,  which is calculated from 

Bode plot increa es with increasing chloride concentration at low 

potentia ls  in the pas ive region when the diffusion process begins to 

bccur at the urface. In  their study, Hong and Magumo [ 45 J  found that 

for a pit which is  nucleated under a given potential ,  there exists a 

minimum chloride concentration above which the pit on the surface of the 

steel can be activated into metastable propagation, and below which i t  

cannot . Moreover, it was found that the value of pitt ing potential 

mcreases l inearly with the logarithm of chloride concentration of 

solution . The influence of prop argyl alcohol and some ethoxylated fatty 

acids on the corrosion behavior of mi ld  steel i n  H 3 P04 and sulfuric acid 

were investigated over a range of acid concentrations and solution 

temperature by using electrochemical measurements [46 ] .  Propargyl 

alcohol was found to inhibit the cathodic reaction at temperatures � 40 °C 

by adsorption at the steel surface. It was also found that the adsorption is 

most favorable  at a surface partial ly covered by adsorbed hydrogen .  For 

the uninhibited H 3 P04 sol utions, a straight-l ine relationship was found 

between the corrosion rate and the logarithm of acid concentration . On 



le ther hand the inhibition efficienc mcrea e with increa ing the 

n entrat i n and chain len h f the fatty acid for m i l d  tee I l J1  1 . 0 M 

I l fllri aCId and dec rea ed b t mperature [ 47 ] .  In  another tudy b 

.. emaitre. th pre ence of halide i n in an electrolyte c an pro oke local 

Ireakdown f th pa i e fi lm of tain le  teel in Init iate the localIzed 

:orr _ Ion by dIfferent expo ed mechani m re u l ting in  tre corro Ion 

;rackmg crevice corr ion or pitt ing.  The efficiency of the pre ence of 

ther xyani n with chloride to prevent the ri k of pitt ing corro ion I 

'hown b. the u e of polarization cur es or impedance mea�llfement and 

�alculated by the tati tical studie of the pitting potential value [ 48J . 

The chemical etching the detennination of pitting potential and 1 -t 

curve , the te t of imulated occluded ce l l  and electrochemical impedance 

pectra were u ed in thi work . Both sodium dodecyl benzene ulfonate 

and monoethanolamine were proved to act as inhibitors for stainle steel 

in  olution of  chloride to prevent pitting corrosion during the periods of 

in it iation and propagation, and that the mixture shows ynergetic 

inhibition, e pecial ly during the propagation of the pitting [49]. The pit 

generahon rate was measured on Type AI S 1  stainless steel 304 in chloride 

and chromate containi ng media by a statistical method l 50 ] .  I nhibition 

efficienc wa calcu lated, and an inhibition diagram was constructed 

from the parameters obtained, showing a competi t ive phenomenon 

between the two pecie in solution . An experimental equation for the 
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between the two species in solution. An experimental equation for the 

decrease of the pit generation rate was obtained in the pitting domain of 

the diagram, indicating that adsorption was the l imiting stage of the 

inhibition mechanism. It was suggested that the ion playing the role of 

the inhibitor species was not CrO/- but HCr207-. The presence of 

chromate al lowed the pH value to stabi l ize near the active site .  A 

diffusion process occurred with an increase of the thickness of th� passive 

film due to i nhibitor presence. When al l sites were covered by the 

inhibit ing species in the inhibition domain, adsorption was stopped and 

diffusion was the l imiting process. A study publ i shed by Dhirendra [ 5 1 ] , 

showed the effect of cr content (0.007 -0. 1 2  gl 1 00 ml)  at 1 00% relative 

humidity in air on the corrosion of austenitic stainless steel in 24 hours 

was evaluated by weight loss. The corrosion increased with increasing 

cr to 0 .05g/ l 00 ml but practical ly no increase in corrosion was observed 

at h igher cr content. The efficiency of protection by treatment with 1 % 

solution of a newly developed corrosion i nhibitor DX-A increased to 

85%. The corrosion res istance of 1 3Cr stainless steel tubing in  CO2 

offshore wel l s  was evaluated [ 52]. B ased on uniform and pitting 

corrosion NaCl solutions in down-hole corrosion, the sensitization is 

prevented by stress-re l ief heat treatment at < 3 00°C or annealing at > 650 

°C. I n  the same study, crevice corrosion of pipe-thread coupl ing was 

reduced by tight metal -to-metal seals,  greased copiously and by surface 
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treatment by oxalate . However galvanic corrosion of carbon steel occurs 

in c ntact with the stain le tee ! .  The corrosion of stain less steel was 

l imit d at 3 0  bar C 2 and 1 20° and no need arised for inhibition 

treatm nt. 

he electro hemical and corrosion behavior of mild steel in 1 M 

4 solution containing some selected thiols  namely, 2-

mercaptobenzothiazol ,  2-mercaptobenzimidazol and 2-mercapto-

benzoxazol together with hal ide ions have been studied by galvanostatic 

polarization technique at temperatures ranging from 3 0  to 60 °C [53]. 

The effect of temperature on the inhibition efficeincy of both investigated 

thiols and hal ide ions was studied . The presence of hal ide ions together 

with thiols caused a shift in the corrosion potential as wel l  as the l inear 

part of the cathodic Tafel l ine to the anodic direction. The corrosion 

process was found to be under activation contro l .  Moreover, the 

inhibitors did not change the mechani sm of the corrosion process. The 

thermodynamic  parameters for adsorptic;m of thiols were also calculated. 

Electrochemical techniques were employed to compare and 

contrast the roles of al loyed Mo and aqueous Mo04
2
- in enhancing pitting 

resistance of ferritic  stainless steel in neutral chloride solutions at 80°C 

[ 54] . Al loyed Mo inhibits pitting in 0. 1 4  N and 1 N chloride solutions 

whi le  aqueous M0042- inhibits in the d i luted cr solutions only. 

Prepass ivation experiments show that the maj or role of high cr 
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concentrations is to prevent Mo042
- from forming a passive fi lm rather 

than in attacking the film after it has formed.  Al loyed Mo and aqueous 

M /- inhibit through incorporation into the passive film but 

incorporation from the solution is easi ly influenced by solution variables 

uch a hlorid oncentration. 

6. Factor affect ing the rate of corrosion a n d  efficiency of 

i n h i b it ion 

The influence of factors which can increase or decrease the rate of 

pH reduction and halide ion build up in  a developing pit solution were 

e aluated for pits nucleated on the surface of a commercial grade 3 1 6L 

[ 5 5]. Temperature and appl ied potential were shown to have a significant 

influence on these processes for the steel immersed in cr and B{ 

solutions and not in F. Additions of appropriate buffers to chloride test 

solutions was shown to alter quite considerably the extent of pH 

reduction in growing pits and in a number of  cases to increase the pitting 

potential also. Moreover, in  chlor ide solutions contain ing sui table 

amounts of sodium dichromate the passivation behavior of 3 1 6L was 

shown to alter considerably with the almost total e l imination of 

activation-repassivation events on the oxide surface as evidenced by the 

absence of current peaks or fluctuations on potentiostat ic current time 

plots. On the other hand, inhibition efficiencies of different 

concentrations BMA T (benzoimidazole compound) on 3 1 6L ss in 5% 
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H 1 were tested by weight loss measurements [56 ] .  B MAT sorption 

ob yed the rumkin isotherm adsorption model .  The corrosion inhibition 

wa considered to be chemisorption by studying the influence of 

temperature on 3 1 6L Testing of polarization curve showed that 

BMA was mainly cathodic  inhibitor. 

The effects of al loy ing elements on the local ized corrOSlOn 

re i tance of austenitic are considered in terms of anodic and cathodi c  

reaction inhibition [ 5 7]. Surface analysis  has confirmed that when local 

attack takes p lace n i trogen enhances the anodic segregation of beneficial  

a l loy ing elements such as Cr and s ignificantly prevents the transpassive 

dissolution of Mo. Al loyed chromium molybdenum and n itrogen, a l l  

improve the l ocal ized corrosion resistance of stainless steel by inhibiting 

the anodic process. However, in order to further increase local ized 

corrOSIon res istance, it was also necessary to constrain the cathodic  

reaction. I t  was shown that cerium ion implantation of UNSS 3 1 603 

stainless steel was very effective in  inhibiting the cathodic electrode 

reaction involved in metal l i c  corrosion . As a result of the inhibition of 

the kinetics of electrode processes, cerium treatment improved the 

local ized corrosion resistance, and especial ly crevice corrosion resistance. 

Thi s  was supported by the results of electrochemical measurements in 

aerated 0.6 M NaCI + 0 . 1 M Na2S04, and by accelerated corrosion tests . 
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Pitting corrosion behavior of commerc ial stainless steels  type 904L 

and 3 1 6L was investigated in pure sodium chloride solutions of d ifferent 

pH alues and at different temperature [5 ]. In  this study, 

potentiodynamic polarization technique and EM were uti l ized . P itting 

corrosion of 3 1 6L stainless steel occurred readily at 3 0°C and in al l 

chloride solutions of concentrations ranging between 1 0-3 mol/m
3 

while 

904L stainless steel did not pit at temperatures lower than 40°C. and 0 .6 

mol/m
3 

NaCl respectively. P itting potential for 904L stain less steel was 

much more noble than that obtained for 3 1 6L stain less steel whi le  the 

protection potential values were almost the same for both al loys. The 

pitt ing corrosion inhibition by OH- ions was more pronounced for 3 1 6L 

SS and E(pit) approached that obtained for 904L SS in alka l ine solutions. 

The a l loy with higher Cr Ni and Mo content 904L SS was more sensitive 

to the temperature effect as compared to 3 1 6L .  E(pit) was dependent on 

the a l loy composition whi le  the protection potential, E(prot), was not 

affected by the al loy composition. Another study describes the 

temperature dependent pitting potential behavior of austenitic sta in less 

steel in neutral chloride solutions between 1 0  and 70°C [59]. Two 

chloride ion concentrations 0 . 1 and 0 .5  M were chosen i n  this study. 

Molybdate ion additions were between 0.0 1 and O. I M . Whi le  the pitt ing 

potential of AlSI  3 04 stain less steel decreased continuously with 

temperature, AlSI  3 1 6 stain less steel had a temperature independent 
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region after 5 0  °e . When molybdate ions were added into the solution 

the pitting potential of AI I 3 04 also became temperature independent 

after 50 ° . The pitting potential change the by the addition of molybdate 

Ions defined as inhibition efficiency, increased with increased 

molybdate/chloride ratio and temperature. The p i tt ing i nhibition 

efficiency obtained by the addition of sul fate ions decreased with the 

increase of temperature. The addition of molybdate i ons  after initiation 

of pitt ing in AISI 3 04 SS repassivated the pits and sh ifted the pitting 

potential .  The pronounced beneficial effects of molybdate ions on the 

propagation of pitting, was attributed to the condit ions favoring the 

reduction and precipitation of the reduction products of molybdate ions. 

Another comparison was mentioned, that i s  the e ffect of dissolved 

oxygen on the corrosion of carbon steel and stainless steel SUS 304 and 

3 1 6L in pure water containing < 5- 1 000 ppb dissolved oxygen by a 

recirculating  plant simulating BWR conditions at 288°C for 1 000 hours 

[60] . The corrosion weight loss and metal release amount decreased in  

the order of carbon steel > SUS 3 04 > SUS 3 1 6L.  The corrosion of 

carbon steel decreased with increasing dissolved oxygen concentration. 

At < 5 ppb d issolved oxygen, the corrosion of SUS 3 04 was inhibited by 

a Cr-rich fi l m  and that of SUS 3 1 6L by an oxide fi lm containing Mo, Ni ,  

and Cr .  The corrosion resistance of SUS 3 04 and 3 1 6L increased by Fe 

and Ni  ferri te fi lms at > 1 00 ppb dissolved oxygen. The metal d istribution 
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ill the oxide fi lms varied with immersion time and d issolved oxygen 

concentration . 

The anodic behavior of high purity stainless steel s  based on 3 1 6L

composition, was studied at room temperature in HCI solutions from 1 to 

6 M [6 1 ]. For a l l  acid concentrations, the presence of 0 .22% N had l ittle  

or no effect on the active dissolution kinetics at low overpotential s .  The 

effect on the critical current density for passivation was smal l _ for low 

HCI concentrations « 3 M).  At h igh HCI concentration (> 4 .5  M), no 

passivation occured and again N had a l ittle  effect. For HCl 

concentration approximately 4 M,  N reversib ly i mpedes active 

disso lution at a few hundreds mAlcm2 . The effect did not appear to be an 

oxide passivation, but was more l ike ly due to surface enrichment of N 

atoms. Impl ications for local ized local ized corrosion were discussed. 

Moreover, an effect simi lar to that of N al loying is reproduced on a N 

free a l loy by addi ng 2 M NaN03 to a 4 M HCI solution . This  effect was 

d istinct from the passivation of salt-covered surfaces and may be 

preferable to the later as an explanation of the i ncrease i n  pitting potential 

by N03 - addition to NaCl solutions. Passivation under a salt fi lm was 

suggested to explain  the passivation of growing p its above the inhibitions 

potential . In  another study, The k inetic of the e lectrochemical reactions 

occurr ing during the initiation and propagation of crevice corrosion were 

investigated using e lectrochemical impedance measurement [62 ] .  Two 
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types of crevice formed were used and comparable results were obtained. 

The initial stage of crevice corrosion i s  s imi lar to that previously 

observed for the initiation of pitting corrosion of 3 1 6L SS but at lower 

potentials .  The crevice would appear to encourage the bui ld up of a local 

lenvironment suitable for the acceleration of the metal dissolution or 

inhib ition of the fi lm repassivation processes. A stochastic process of 

film rupture and chloride adsorption was proposed based on the o_bserved 

changes of capacitance, potential and charge transfer. The initial 

corros ion fol lows a rate law that reached a maximum some 1 0-20 h after 

immersion and then decreased to a relatively steady value. Higher 

frequency capacitance values indicated a change from passive fi lm 

condition to active e lectrochemical d issolution whereas the lower 

frequency response indicated the increasing role of an adsorption during 

in it iation that then changed to diffusion as the crevice corrosion 

propagated. Habeeb et a1 .  [63] explained the inhibition efficiency of two 

mixtures of organic substances, ca. quinol ine + thiourea and quinoline + 

methyl methyl acrylate (stab i l ized with 50/0 hydroqu inone) using a 

potentiodynamic  polarization technique. Tests were m ade on stainless 

steel 3 1 6L and 3 1 6MA in 5% H2S04 at 25-65 cC . The inhibition 

efficiency was calculated from the corrosion current density. The 

mixture of 0 .05 N quino l ine with 0.05 N methylmethacrylate gave good 

protection of the steels, and the inhibition efficiency was better at 25 than 
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at 65°C. The protection degree was much less by using each inhibitor 

separate ly. 

Different types of orgamc susbstances, namely an acetylenic 

derivative and sulfur or nitrogen-containing additives were tested as 

inhibitors for intergranular corrosion of sensitized AISI  3 04 stainless 

steel ,  in di luted sulfuric or sulfamic acid sol utions at 70°C [64]. Among 

the different organic substances examined, the sole compound� able to 

stop the intergranular attack are those containing sulfur atom with its 

electronic lone pair free .  These i nhibitors accompl i sh their action by 

reducing the differences of the corrosion rate between the c hromium

depleted grain-boundaries and the matrix. As some of the tested 

inhibitors could decompose with the formation of HS- or H2S, the 

influence exerted by HS- ion on the corrosion process is evaluated . 

Corrosion of iron in 2 M HN03 has been studied by the 

electrochemical polarization and weight-loss measurements [65]. The 

effect of some thiophene derivatives has been invistigated. The results 

showed that the inhibitors influence both the cathodic and anodic 

processes, and are adsorbed on the metal surface in  molecular form. 

They do not change the mechanism of reaction between the iron and 

n itric acid but decrease its rate. This effect is control led by the values of 

their dipole moments. I n  another study, the adsoption from solution of 

chloroacetic acid at low carbon steel surface has been measured using 
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Langmuir and Bockris-Swinkels isotherm [66] . The coverage has been 

determined and the standard free energy of adsorption was about 4 

Kllmol . The adsorption arises largely from metal-adsorbate dispersion 

interface d ifferences between water and organic acid. A knowledge of 

the adsorption of organic acids at the electrode-solution interface is 

needed for understanding of  organic electrode reactions and the inh ibitive 

action of  organic ac id on corrosion. 

The corrosion i nh ibition effect of glycol-ether-diamine-tetra-acetic 

acid on sta in less steel SUS 3 04 was e lectrochemicall y  examined in 

de aerated 2% NaCl solution at 3 0°C [67] . Glycol-ether-d iamine-tetra

acetic acid was chemical ly  adsorbed on the steel surface and the film had 

a good thickness, strong b inding energy, and uniformity. The fi lm had 

h igh corrosion inhibition effect at pH 2-9 and high concentration of cr 

but was unsui table against oxidizing agents. The aniticorrosive efficiency 

was 1 6 .0 1 %  i n  6 % FeCl3 solution at 3 5° C .  In  another study, a series of 

compounds having N-acyl amino acid or related structure were 

investigated as potential i nhibitors or local ized corrosion o f  AISI 3 04L 

stainless steel [68]. The effect of these compounds on the breakdown 

potential was measured us ing the l inear current scan method. Interaction 

of the i nhib i tors with electrode surface was studied using capacitance 

measurements and correlated with solution surface tension measurements. 

Successful inhibitors interact strongly with the AISI 3 04L surface, but the 

29 



inhibition effect appears to involve more than just adsorption of a 

hemimicel lar inhibitor layer, which could exc lude e r  from the surface or 

prov ide surface pH buffering. Formation of such a layer is sensitive to 

the structure of the compound. Trabanel l i  et a1. tested d ifferent types of 

organic containing additives (N-containing, S-contain ing, and acetylenic 

derivatives) as inhibitors for the intergranular corrosion of a sensit ized 

AlSI  3 04 stainless steel in 1 N sulfamic acid solution at 70  °e [69J .  Only 

S-containing additives inhibit intergranular in su lfamic  acid solution. 

An10ng the organic additives tested (without sulfur) only benzotriazole 

and the N-conta ining inihibitor decrease the severity of  the local ized 

attack in  hot, d i luted sulfamic acid solutions. I n  the presence of the S

containing additives, the corrosion rate of senstized SS  specimen is equal 

to that of a non-sensitized specimen. 

A slow strain rate ( 1 0-
6 S- I )  was used to study the possibi l i ty of 

inhibit ing or delaying the stress corrosion cracking ( See) of AlSI  3 04 

stainless steel wires in 1 M Hel solutions at room temperature by us ing 

organic additives [70]. Some of the tested organic  substances 

(phenylthiourea, benzimidazole-2-thiol, and benzothi azole-2-thiol)  inhibit 

see in the quoted environment. The results obtained in tests of long 

duration on U-bent specimens. The efficient see i nhibitors man ifest 

their  action on either the incubation stage or the propagation stage of the 
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SCC process . The action of the inhibitors cannot be directly correlated 

with the corrosion potential of stain less steel wires tested . 

7. H igh-G rade steels 

A review on the corrosion mechanism of h igh-Cr stainless steel 

was presented in the l iterature [7 1 ]. Good adhesive, corrosion-inhibiting

Cr203 coatings (some run-thick), were formed on the steel surface.  A 

local depletion of Cr « 1 0%) leads to a loss of the corrosion inhibiting 

layer, and therefore to an accelarated metal dissolution. S imultaneously, 

the carbide (Cr Fe) 23C6 is formed at the grain boundries. I ntergranular 

corrosion starts at the Cr-depleted grain boundaries. In another study, 

weight loss measurements were performed in 20% and 28% HCI at 90°C 

on C steel X65 , 22Cr5Ni duplex stainless steel ,  and 2 superaustenitic 

steel s  in presence of organic subastance [ 72]. The organic substances 

tested were quaternary ammonium salts. The synergistic effect of KI on 

the inhibitive efficiency of the organic substance was studied. The 

variation of corrosion rate during the test time, normally 6 hours were 

recorded. The corrosion rates of the four steels examined were reduced 

to < 1 mg/cm2 
using ternary inhibitor mixtures containing quaternary 

ammonia salts, trans-c innamaldehyde and 0.20/0 of each component. On 

the other hand, corrosion of stainless steel reactors i n  the manufacture of 

nitrogen containing organic phosophonic acids, was prevented by 

contracting the reactor with HNOx (x= undefined), to form a layer of 
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MN03 (M= metal) such that the reactor product stream contains 

corrosion products content of Ni 1 0 . 1 -2, Mo 0-0 . 3 ,  and Fe 0 .2-3 ppm 

[73]. Thus a stainless steel reactor was treated with 98% RN03, then a 

mixture of ammonium sulfate 3 70/0 HCHO, and phosphorous acid passed 

through the reactor at 1 05 °C producing 97% conversion to N- [-

H2PO(OH)2h with the product stream containing Ni 0 . 5 ,  Mo and F2 2 

ppm, vs.  90.5 70 20 and 3 00, respectively for a stain less steel reactor not 

treated with HN03 . 
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The corrosion of stainless steel s  in  ac idic and in aggressive media 

su h as tho e containing-chloride is of great importance to the industrial 

proce se . The goals of the present thesis i s  to investigate the effect of 

usmg a new c lass of organic  inhibitors on the corrosion behavior of 

stainles teel type 3 1 6 in sulfuric acid. The candidate wi l l  attempt to 

c larify important issues among them: 

- To study the e lectrochemical behavior of stain less steel type 3 1 6 in  

sulfuri acid medium. 

- To tudy and compare the e lectrochemical characteristics of the 

stainless stee l in sulfuric acid sol ution of different concentrations. 

- To apply and compare the effect of some thiophene derivatives on 

the corrosion behavior of stain less steel in ac idic and in chloride

contain ing acidic media.  

- To correlate the geometrical factor i mparted by the different 

inhibitors on the experimental results obtained. 

- To investigate the effect of temperature on the adsorption 

characteristics of  the inhibitors at the stainless steel surface . 

- To estimate the thermodynami c  parameters of the adsorbed organic 

layers of the inhibitor at the stainless steel surface, such as Mr, 

tS° I'1Go for the adsorption process. 
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1. M a  teria l a n d  reage n t  

1 . 1 teel sample 

AI 

che 

I 3 1 6  tainle st el was used in this study, with the percentage 

mical compo ition l isted in table 1 .  The stain less steel sample 

was 

Tab 

purchased from Goodfel low ( Huntingdon England). 

Ie 1 :  Percent chemical composition of stainless steel 3 1 6  used 

in this study. 

E lement  % compo ition 

Cr 1 6 .9 

Ni 1 0 .9 

Si  0 .75  

Mn 1 .24 

0.025 

S 0.027 

Cu 0.20 

Mo 2 . 1 1  

C 0 .053 

Fe Balance 

1.2 reagents and solutions preparation 

SuI furic acid, Sodium chloride 2-Thiophene carboxyl ic  hydrazide 

(T ell), 2-Thiophene carboxyl ic  acid  (TeA), 3 -Thiophene 

boxaldhyde (TeAL), 2-Acetyl thiophene(AcT). The structure car 

and some properties of the inhibitors used in this study are shown 

in figure 1 .  Al l  chemicals purchased were used as received and 
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��-N-NH2 H 
2-Th iophene carboxyl ic  

I 
hyd razide 

Sol id 
m.p. 
NMR 
FT-IR 
TCll 

s 

1 36- 1 39 °C 
2(2),479A 
1 (2),605 B  

o
� �C - H 

-Thiophene carboxaldehyde 

jq u id 
. p. 

�ensity 
i' p 
rCAL 

86-87 °C/20 mm.  
1 .28 g/mL 
90 °C 

GJ S C - OH 

2-Thiophene carboxy l ic 
acid 

Sol id 
m.p. 1 27- 1 30 °C 
N M R  2(2),474D 
FT-I R  1 (2),600D 
TCA 

2-Acety l T hiophene 

Solid 
m.p . 
b.p. 
Density 
Fp 
NMR 
FT-IR 
AcT 

1 0-I I °C 
2 1 4 °C 
1 . 1 68 g/mL 
91 °C 
2(2),471 A  
1 (3),1 0472C 

Figu re 1 .  List  o f  Compounds Used as In h ibito rs i n  the Present 
Study 



were supplied by Aldrich Chern. Co ( Wisconsim, USA). Test 

solution were prepared from stock and di luted using de- ionized 

water supply. Water was first disti l led and then de-ionized using 

Mi l l ipore water purification system. The conductivity of water 

used in this study is 1 8 .3 !lS .  

1.3 Electrode Mounting and Electrochemical Cells 

AIS I  3 1 6 stainless steel specimens were in  the form of rods and 

sheets. Rod specimens were prepared and mounted according 

to the fol lowing steps:  stainless steel rods were cut in the 

dimensions of 2.0 cm long and 0 .60 cm diameter. The stain less 

steel specimen was then grooved and threaded for electrical 

contact and connection. A copper rod 1 2 .0  cm long and 0 . 35  

cm diameter was used for establ ishing electrical contact. The 

whole assemply was finally intersted in a g lass tube 1 0 .0 cm 

long and 0 .8  cm inner diameter. Epoxy resi n  ( Torr Seal , from 

Varian, M I , USA) was used to ensure the exposure of a 

determined apparent surface area of 0 .283 cm2 . This specimen 

configuration was used for electrochemical measurements. 

F lat specimen configuration was used for samples prepared for 

surface examination. I n  this setup, the stainless steel foIls  in  the 

dimensions of 5 cm x 5 cm and 2 mm thick were cut and 
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mounted on a flat cel l  holder. The surface area exposed IS 

either 1 . 0 cm
2 

or 5 .0 cm2 
according to the cell used. 

Prior to each electrochemical measurement , the steel specimen 

subjected to surface experiments was prepared according to the 

fol lowing steps: the surface was pol ished mechanical ly using 

meta l lurgical papers of successive grades ( 1 20-600- 1 200 11m) .  

The surface was then pol ished using a lumina paste 0 .3  11m 

dispersed on a soft cloth paper unti l a scratch-free surface is  

obtained. The surface was rinsed with d i st i l led water, 

degreased i n  ethanol and was thoroughly rinsed with de-ionized 

water. 

Two types of e lectrochemical cel l s  were used in  thi s  

i nvestigati non. A three-e lectrode one-compartment glass cel l ,  

with a saturated Ag/ Agel reference electrode and a plat inum 

sheet (2 x 2 cm
2
) counter electrode was used for the 

electrochemical measurements. 

The second type of cel ls ,  is a one-compartment three e lectrode 

flat ce l l  that was used to prepare the surface specimens. 

F igure 2 shows d iagram of the electrochemical ce l l s  used. 
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ce lectrode 

Working 
Electrod 

:onventional one Compartment Cel l 

Pt Electrode 

Reference 
Electrode 
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Figure 2 .b  F lat Cell 
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Clamp 



2.  Eq u ipments and instrumentation 

2. 1 Electrochemical equipment 

Al l  the d ifferent electrochemical measurements 

potentiodynamic tafel  and polarization resistance measurements 

were carried out with the Gamry PC31750  rnA potentiostatic / 

Galvanostal /ZRA system ( Gamry, Inc . ,  USA), and 

electrochemical analysis was performed usmg the Gamry 

framework software . 

2.2 Surface Instrumentation 

The specimen surface with i nhibitor formed layer was 

characterized using scanning electron microscopy SEM e'quipped 

with an energy d ispersive x-ray analyzer E DXA , surface 

reflectance fourier transform infra-red spectroscopy SRFT-I R, x

ray diffractin XRD, and x-ray photoelectron spectroscopy XPS .  

A Jeol Model JSM-5 600 S E M  equipped with E DXA capabi l ity 

was used for surface morphological detennination. The instrument 

is ful ly computerized with 1 8- 3 00,000 times magnification power, 

with guaranteed resolution of 3 .5 nm, acquis ition of both secondary 

and back-scattered electron images. The samples were coated with 

a thin fi lm of gold to e l iminate the effect of charging during 

measurements. A J eol JFC- 1 200 fine coater was used for this 
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purpose and a current of 20 rnA was appl ied for 1 50 s coationg 

period. 

3.  o lu t ion p repa rat ion a n d  olven t . 

I I  lutions were prepared from reagent grade chemicals and de

nized water. The 0 .5  1 H2 04 was prepar d by d i lution from the 

st ck concentrated sul furic ac id (5 M).  

D ifferent concentration of the inhibitors were prepared by d i lution 

of the tock of 0 . 1 M of the inhibitor table 2. shows the needed 

sol I;;nt to pr pre the stock solution) ,and then d i iuted by de- ionized 

water to the d ifferent concentrations of 5x I 0-
4 

M I x I o-
3 

M ,  5x I 0-
3 

M 

and 1 x l  0-
2 

M .  

Table  2 . A l i st of the inhibitors and suitable solvents for each 

inhibitor. 

TCH 0 .5  M H2SO4 

TCA 7 ml ethanol and then diluted with 0 .5  M H2SO4 

TCAL 5 ml ethanol and then diluted with 0 . 5  M H2 04 

AcT 5 ml ethanol and then diluted with 0 .5  M H2 04 

4. Electrochemical  Measu rements 

A l l  e lectrochemical measurements were performed at room 

temperature( ca. 25° C) except for those experiments concerning 

temperature coefficient. A three e lectrode cel l was used for a l l  

measurements. 
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4. Electrochem ical M ea u rement 

All electrochemi al mea urements were perfonned at room 

temperature ca. 25° ) except for those experiments concerning 

temperatur oeffic ient. A thr e electrode ce l l  was used for al l  

m a ur ment . 

4. 1 Potentiodynamic Polarization measurements 

Table 3 .  shows the mesurements conditions for the 

potentiodynamic measurements. The potentiondynamic 

polarization measurements were perfonned to study the 

complete behavior of the current in the wide potential range 

scan. These measurements were carried for 3 1 6  stain less steel 

in presence and absence of the different i nhibitors . 

Table 3 .  Potentiodynamic Polarization experimental conditions 

In itial Potential - 1 V vs.  Ereference 
Final Potential 1 . 5  V vs .  Ereference 

Scan Rate 5 mV/s 

In itial Delay 1 200 s 

E reference: vs. Agi Agel 

4.2 Polarization Resistance measurements 

Table 4 l i sts the experimental conditions for the polarization 

resistance experiments. 
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Table 4 .  Polarization Resi stance experimental conditions 

I n itial Potential 

� inal Potential 

can Rate 

I n itial Dela 

4.3 Tafel measurements: 

-0 .02 V v . open curciut 

0 .02 V vs. open curciut 

1 mV/s 

3 00 s 

Table 5 .  Tafel mea urement conditions 

Initial Potential -0 .250 V vs.  Eopen curciut 

Final Potential 0 .250 V vs. Eopen curciut 

Scan Rate 1 mV/s 

Initial Delay 3 00 s 

4. 4 EIS measurements 

The specimen was left under open c ircui t  condi tions for 300 s .  

At th is  stage the open circuit potential ,  Eopen was determined. The 

onset potential of - 0. 1 V and -0.2 V were chosen as the DC signal 

of EIS experiment. 

Table 6. EIS experimental conditions 

Frequency Range 0 .02 - 5000 Hz 

AC Potential 1 0 mV 

DC Potential -0 . 1 or-0 .2  mV 

vs. E open curciut 

Initial del ay 3 00 s 

Inhibitor cones. 0, 5x l O-4, l x l O-2 M 

E lectrolyte 0 . 5  M H2SO4 
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5.  u rface characterizat ion 

A flat typ three-electrode electrochemical ce l l ,  with 

saturated Ag/ Ag 1 reference electrode and a platinum counter 

ele trode, \ a used to prepare the sample. Surface area 5 . 3 cm
2 

according to the ce l l  used. The e lectrochemical cel l  was a pyrex 

glass cyl inder with a flat c ircular piece of glass fused on each end. 

T 0 smal l holes on the top of the cyl inder connected with two 

plastic tubes were used to accommodate the gas bubbler. A 

platinum sheet counter electrode of large area was housed inside 

the chamber. A cavity was left at the top of the chamber to be fi l led 

with the testing solution and to insert the reference e lectrode. The 

cavity is connected to the working electrode through a Luggin  

cap i l l ary tube (cf. F igure b) .  

Then a potentionstatic measurement was performed by 

app lying a potential of 1 .5 V for 1 0  minuntes vs.  Ereference, then the 

sample was subject to the intended surface measurement. 

In it ial Potential -0 . 5  V vs .  Ereference 
Init ial  Time 60 s 

F inal  Potential 1 . 5 V vs.  Ereference 
Final Time 600 s 

Limit I 250  A 
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. 1  lectron Microscope EM 

amples of 3 1 6 stainle s steel in estigated by SEM were in  

the form of sheets v ith surface area of 5 .3 cm2 . The samples were 

exposed to the different medium of : 

a) 0 . 5  M H2S04 

b) 0 . 5  M H2S04 + 1 0-2M TCH 

c)  0 . 1 M H2S04 + 0.0 1 M NaC l  

d) 0 . 1 M H2S04 + 0.0 1 M NaCl + 0.0 1 TCH 

.2 Surface Reflectance FT- IR  Spectroscopy 

Two 3 1 6 stain less steel samples were examined by FT-I R  

pectroscopy. 

a) Unexposed sample . 

b) And sample exposed to 0 . 1 M H2S04 + 0.0 1 M TCH. 

n order to examine the l ayer of the inhibitor bui l t  on the stainless steel 

urface .  
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�valuation of orne th iophene derivat ives for the inh ibi t ion of stain less 

teel : 

Thiophene compound possess aromatic molecules in which one 

�arbon atom i replaced b. a heteroatom, sulfur. The structure of the 

h iophene derivati es used in the present study is shown in figure 1 .  

[hiophene compounds are used extensively in the preparation of several 

:lrganic-based drugs [74] ,  and recently in the preparat ion of organic 

�onducting polymers [75 ] .  The nature of substituent in the ring changes 

::onsiderably the stabi l ity of the aromatic structure the planarity of the ring, 

md consequently the electronic diSTribution around the atoms. 

1- Electrochemical measurements: 

I-a Potentiodynamic behavior investigation 

However, thiophene compounds have not been investigated 

extensively for their potential appl ication as corrosion inhibitors for metal or 

al loys. This part of the present work investigates the eiectrochemical 

pehavior of stainless steel electrode in the presence of different 

concentrations of the above thiophene compounds in acidic and chloride

containing acidic solutions. 

Potentiodynamic polarization experiments of stainless steel -type 3 1 6  

in 1 .0 M H2S04 at 25 °C in absence (a) and presence (b) of 2-
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thioph ne carbox l ie hydrazide is depicted in Figure 2 .  The fol lowing 

observat ion could be drawn from the data shown in Figure 1 

he general shape of the potentiod namic curve in the absence and 

pr ence of the inhibitor is comparable. 

[owever the l inear anodic and cathodic Tafel regions appeared extended 

er wider current range in the presence of the inhibitor when compared to 

tat in the ab ence of the inhibitor. 

The calculated corrosion potential EeorD in the case of the curve (b) in 

presence of the inhibitor is -299 .2 m V with an associated corrosion 

current icorn of 7 .37  x 1 0.5 A.cm-
2
_ The corresponding values i n  the 

absence of the inhibitor are - 1 .0 mV and 1 .385  x 1 0-3 A.cm-2, 

respectively_ The comparison of the values of Ecorr and icorr indicated 

that the addition of the 2-thiophene carboxyl ic hydrazide resulted in 

the shift of the corrosion potential to a negative value and a decrease 

in the corrosion current density_ 

The inhibitor appeared to be of the mixed type. This observation was 

withdrawn by comparing the values of the anodic and cathodic Tafel 

constants, �a, �e. The values are 1 53 .7 ,  1 45 .0 mY/decade, and 46.4 , 

86.0 mY/decade in absence and presence of the inhibitor, respectively. 

It was also concluded that the inhibitor acts as a mixed inhibitor for all  
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Figu re . 1 Potentiodyna m ic Pola rization Curve of Stainless Steel Type 3 1 6  
i n  1 .0 M H2S04 i n  Presence and A bsence of Thiophene Carboxylic Hyd razide 



concentrat ions of solut ions-containing chloride in which the stainless 

te 1 as examined as wi l l  be shown later. 

The potent iodynamic curve was characterized by the appearance of 

wel l -defined anodic peak that appeared at + 1 08. 1 m V, which 

corresponds to an anodic peak current of 6 .2 1 x 1 0-3 A.cm-2 in absence 

of the inh ibitor. On the other hand the corresponding values of the 

anodic peak that appeared in the presence of TCH are -200 .5  mV and 

7 8 1 0 -3 A -2 . .cm . 

The anodic peak in both curves was fol lowed by a sl ight increase in 

the current value and fmally an almost constant value of the current. 

Oxygen evolution was not noticed as the potential exceeded the value 

of 1 .0 V vs .  Ag/ AgCl . 

In  all c ases, an i l l -defined peak was observed in the active-passive 

regIOn. 

The polarization res istance values, calculated from the 

potentiodynamic  curve were 2 .340 x 1 0 1 and 1 .777 x 1 02 ohm.cm
2 for the 

mon-inhibited solution and the inhibited one, respectively. The 

corresponding calculated corrosion rates are l .269 x 1 03 and 6 .755  x 1 0 1 

MPY, respectively. A reduction of ca. 94.67% in  the rate of corrosion of the 
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nhibited stainle steel in the 1 .0 M H2 04 solution is therefore obser ed 

hen compar d to the non-inhibited ne . 

he pre ence of stainless steel 3 1 6  in sulfuric acid has evidently a 

:letrimental effect on the integrity of the surface. The addition of 2-

:hiophene carbox l ic h drazide showed to minimize the corrosion rate of the 

,teel .  At this stage of the work it was necessary to explore two factors: ( i)  

:he effect of addition of chloride ion to examine the inhibitory efficiency of 

;he thiophene derivative in  presence of an aggressive anion and ( i i )  the effect 

�f changing the concentration of the inhibitors at fixed concentration of 

mlfuric ac id .  

l-b Effect of Adding Chloride Ions in Presence and Absence of the 

Inhibitor: 

Sodium chloride with concentration of 0 .0 1 M was added to the acidic 

solution to form a concentration ratio of H2SOJNaCI of l Ol l . The fol lowing 

treatment of the results is based on comparing the results obtained from the 

potentiodynamic experiments of the stainless steel in  presence and absence 

of 1 .0 x 1 0-
2 

M thiophene carboxyl ic  hydrazide. 

Potentiodynamic  polarization experiments of stainless steel in 0 .0 1 M 

aCl/0. 1 M H2S04 at 25 °C in absence (a) and presence (b) of 1 .0 x- 1  0-
2 

M 
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thiophene carboxylic hydrazide is depicted in Figure 2. The fol lowing 

ob r at ion could be withdrawn from the data shown in Figure 2 �  

Th general shape of the potentiodynamic curve in the absence and 

presence of the inhibitor is comparable to those obtained in F igure I 

for stainless steel tested in 1 .0 M H2S04. 

The l inear anodic and cathodic Tafe l  regions are apparently the same 

as shown in F igures 3a and 3b respectively. The anodic and cathodic 

parts of the Tafel  region in presence of 2-thiophene carboxylic 

hydrazide showed however, extended l inear region when compared to 

the non- inhibited solution . 

The calculated corrosion potential, Ecorr, in  the case of the curve (b) in 

presence of the inhibitor is -375 .3 m V with an associated corrosion 

current, icom of 2 . 820 x 1 0-5 A.cm-2 . The corresponding values in the 

absence of the inhibitor are -332 . 1  mV and 2.068 x 1 0-
4 

A .cm-2, 

respectively. The comparison of the values of Ecorr and icorr indicated 

that the addition of 2-thiophene carboxylic hydrazide resulted in a 

cathodic shift in the corrosion potential values as compared to the 

study made in 1 .0 M H2S04. Moreover, a decrease in  the corrosion 

current density is sti l l  observed when 2-thiophene Garboxylic 

hydrazide is present. The later resulted in a noticeable decrease in the 
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orr Ion rate from 1 9. 6 M PY t 2 5 . 8  M PY and an inhibition 

effi lenc) f 6 .36 0 0. 

Tafel I pe ( �J�J for the cathodic and anodic processes exhibited 

lower val ue upon the addition of the 2-thiophene carboxyl ic 

hydrazide , namel , 83.4/65 . 7  m !Decade in pre ence as compared to 

1 1 9. 5/82. 0  m !Decade in ab ence of inhibitor. The values are 

relati el l ower than those cited in the l iterature for stainJe s teel 304 

[76j . 

Electrode swface developed ob ervable  pits after polarization 

experimel 1t .  

Effect of Varyillg the Concentration of the Inhibitor 

The effect of arylng the concentration of the inhibi tor with fixed 

lcentration of sulfuric acid, ca. 0 . 5  M ,  on the corrosion of stainless steel 

s examined in this section for two thi ophene derivatives. The polarization 

es for these solutions are shown in figures 4 and 5 in presence/absence 

3-thiophene carboxyldehyde and 2-acetyl thiophene at room temperature 

°C), respectively. The fol lowing observations could be concluded when 

nparing the data shown in figures 3 and 4 : 

The potentiodynamic curves exihibited distinct features - when 

changing the type of inhibitor used. Thus, as the concentration of 3-
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thi phene acetaldeh de in the mediwn mcrea e the corro Jon 

p tential, l.:OIT"I hi fted to relativel higher cathodic values. On the 

other hand the corro ion potential rem ained ba ical ly constant in the 

ca e of u ing 2-acetyl thiophene. 

n anodic peak i ob erved immediatel after the extended anodic 

Tafel l ine for which the corre ponding peak current and peak potential 

val ue changed upon changing the concentration of the inhibitor. In 

generaL the peak CWTent val ues hifted to lower values and that of the 

peak potential alue hifted to relatively more posit ive values. These 

effect were more pronounced in the case of using 3-thiophene 

arboxaldeh de. 

11le inh ibit ion effi ienc increased as the concentration of the 

i.nhibitor increases. This  is clearly shown when examining the values 

of the polarization resistance, Rp, and the corresponding corrosion 

rates calculated as depicted in tables 1 and 2, respectively. However, 

the inhibition efficiency for 3-thiophene carboxyldehyde i s  h igher 

than that of 2-acetyl thiophene.  

Again, it is important to notice that unexpectedly the values of the 

Tafel constants ( �a and �c), namely the anodic slope, are relatively 

lower than those cited in the l iterature [76] . Moreover, the addition 
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of the inhibitor to the m dium hanged both values of �a, and �c. 

Thi indicates that these inhibitors are of the mixed types as 

mentioned earl ier in this section. 

The potentiod namic anodic plot is practical ly useful to determine 

mportant information such as : (i) the abi l ity of the material to spontaneously 

)assi ate in the particular medium, (i i)  the potential region over which the 

Ipecimen remains passive, and ( i i i )  the corrosion rate in the pass ive region. 

�odic and cathodic Tafel slopes wi l l  be used to calculate the corrosion rate 

asing the l inear polarization method. The anodic or cathodic Tafe l  p lots are 

lescribed by the Tafel  equation [4] :  

. I 
r; = P log-. - (1 ) lCORR 
Where, 

� = overvoltage, or the difference between the potential of the specimen and 

:he corrosion potential . 

� = Tafel  constant (slope). 

[CORR = current at overvoltage 11 ·  

Rearranging equation ( 1 )  gives: 

7] = p(log i - log iCORR ) 
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Table 1 .  Electrochemical  Parameters For S t a i n less Steel Ty pe 3 1 6  i n  0.5 M S u l fu ric Acid Solut ions  i n  The A bsence and P resence of 
Different Concentrations of 3- Thiophene ea rboxayldhyde 

[ I nhibitor] E (mY) �c �a Rp (ohrn.crn2) x 1 02 
Corr. Rate (MPY) 

rnoVL mY/Decade mY/Decade 
Eoc(V) Ecor Tafel B Tafel Tafel 

5 rnl ethanol + 45 rn l  -0 . 3 8 8  -348 . 1 8 8 . 1 5 5 .4 1 .640 1 4 .78 0.90 82.54 1 
0.5sulfuric acid 

5 x 1 0-4 -0.362 -29 1 .9 1 1 2 .6 30.9 3.95 1 0.54 0.266 24.39 

1 x 1 0� -0.328 -343.5 78.6 99.8 32.39 1 9. 1 1  0.058 5 .404 

-----_ .. _---

Table 2. E lectrochemical  Parameters For Stainless Steel Ty pe 3 1 6  in 0.5 M S u l fu ric Acid Solu tions in The Absence and P resence of 
Differen t Concentrations of 2-Acety l  Thiophene 

[ Inh ibitor] E (rnV) �c �. Rp (ohm.cm2) x 1 02 
Corr. Rate (MPY) 

mollL mY/Decade mV/Decade 
Eoc(V) Ecor Tafe l  B Tafel  Tafe l  

5 rnl ethanol + 45 m l  -0.388 -34 8 . 1 8 8 . 1 5 5 .4 1 .640 1 4 .78 0.90 82.54 1 
0.5sulfuric acid 

5 x 1 0  -0.382 -345 . 1  762 56.3 4.336 1 4 .07 0.32 29.723 

1 x 1 0' -0.37 1 -343. 1 70.5 77. 1 1 9.84 1 6 .0 1 0 .080 7.390 
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rhis equation has the form y = mx + b, so a plot of 11 vs. log i is a straight 

ine with slope �.  As could be noticed from equation (2), when 11 = ° (at 

ECORR) log iJicoRR = 0, i/icoRR = 1 and i = icoRR . The anodic and cathodic 

rafel  constants are used to calculate the corrosion rate from polarization 

easurement data according to the fol lowing equations : 

Where �/ �i = slope of the polarization resistance plot, where Lili is 

�xpressed in volts and �i is expressed in �. �a, and �c are anodic and 

�athodic Tafel constants. respectively. The values of the Tafe l  constants are 

determined from the Tafel plot. lcorT being the corrosion current in �. 

Rearranging equation (3) yields : 

. PaPe �i 
1 - ---CORR - 2.3(Pa + Pc ) till 

(4) 

Ifherefore, the corrosion current can be related directly to the corrosion rate 

rhrough the fol lowing equation: 

. ( )  0.1 3 i (E .W .) 
Corrslon rate mpy = eorr 

d 
E .  W. = equivalent weight of the corroding species, g. 

d = density of the corroding species, g/cm3 . 
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corr = corrosion current density, �cm2. 

rhe inhibition efficiency (P)is given by the fol lowing re lation : ( i - i J l' = corr( u,:.) corr( illh .) 
x l  00 

I corr( Ull .) 
(6) 

f-d Effect of Varying the Concentration of Sulfuric Acid on the Efficiency 

if Inhibition 

Polarization data for inhibited and uninh ibited stainless steel 3 1 6 in 

� . l M 0.5 M,  and 1 .0 M sulfuric acid solutions, are given in table 3. Anodic 

�d cathodic Tafel s lopes were reported in the range Pa/�e = 1 2 1 187 .5 to 

69/ 1 06 [42, 44] . A sl ight difference is clearly observed in this study that 

bdicates a change in the mechanism of inhibition for the thiophene 

derivatives when compared to those investigated previously. 

As mentioned in preceding section, the thiophene derivatives 

�ppeared to act as mixed inhibitors . This observation was again proved 

rhen comparing the values of the anodic and cathodic Tafel constants 

(PalPe) such as in the case of applying 2-thiophene carboxylic hydrazide (c.f. 

table 3) .  The values are : 58 .3/ 1 06 .2 mY/decade, and 88 .9/76 .9 mY/decade 

in absence and presence of 1 .0 x 1 0.2 M 2-thiophene ca�boxylic 

hydrazide/O . l  M H2S04, respectively. Two observations are worthwhile 
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entioning: first, the values of the cathodic Tafel constant, �c, calculated are 

general ly smal ler than those obtained for the uninhibited solutions in a l l  

concentrat ions H2S 04 studied. The values of  the anodic Tafel constant, �(i) 

showed a general decrease in their values for the inhibited solutions with 2-

hiophene carboxyl ic hydrazide compared to the uninhibited ones . Figure 5 

shows the polarization curves for the inhibited stain less steel in different 

oncentrations of sulfuric acid.  

he polarization resistance values calculated from the potentiodynamic 

curve were 4 .56 x 1 02/5 .39 x 1 02, 4 .9 x 1 03/2 .70 x 1 02, 2 . 55  x 1 0 1 /2 .68 x 1 02 

hms for the uninh ibited solutions and the inhibited ones with different 

�oncentrations of H2S04, respectively. The corresponding calculated 

orrosion rates are 0 .834/0.772, 0 .528/0 .969, and 1 9 .471 1 .02 MPY, 

respectively. Again, a reduction of up to about 94.74% in the rate of 

corrosion of the inhibited stainless steel in the 1 .0 M sulfuric acid solution is 

herefore observed when compared to the non-inhibited one. The corrosion 

rate observed in the more concentrated solution was however, relatively 

higher than those found in the less concentrated acid solution. Exception 

was observed in the case of H2S04 with concentration of 0 .5  M, in which the 

stainless steel surface exhibited a peculiar trend. 
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mom::; nf V T vecam:; I n- Y T DtiCClCH;:;--- '(Ql-U l-,;. vn-� J 
X 1 02 

0. 1 M H2SO4 -352.2 -348.5 1 06.2 58 .3 4 .57 1 6.36 0.358 0 . 834 

0 . 1 M H2S04 + -394 . 1 -403 .5 76.9 88.9 5 .39 1 7.92 0.33 1 0 .772 
1 0-2 M TCH 

0.5 M H2SO4 -2 1 4 . 1 -2 1 5 . 7  342.7 1 0 1 3 .0 49.03 1 1 1 .3 0.226 0.528 

0.5 M H2S04 + -3 1 5 .4 -323.8 78.7 3 8. 7  2 .70 1 44 . 1 0 .4 1 6  0.967 
1 0-2 M TCH 
1 .0 M H2SO4 - 1 5 . 6  - 1 .0 1 1 2.0 87.8 0.256 2 1 .39 8 .36 1 9 .47 

1 .0M H2S04 + -2 1 . 5 - 1 7 . 1  1 04.5  36.9 2.68 1 1 .72 0.440 1 .026 
1 0-2 M TCH 

_ _  a ble 3 
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Thus in the uninhibited solution, the electrode did not show a passive peak 

current when compared to the electrode examined in the 0 . 1 M and l .0 M 

solutions respectively. However, the presence of the inhibitor led to the 

formation of a pass ive peak in all  concentrations. At this stage the value of 

corrosion rate in presence of the 2-thiophene carboxyl ic hydrazide in 0.5 M 

H2S04 cannot be compared to the uninhibited solution. This concentration 

of sulfuric ac id, ca. 0 .5  M, appeared to be critical to the formation of the 

pass ive layer ttIat appeared to be destabi l ized at the surface [ 78 ] .  

Examinat ion of the surface of stainless steel electrode after exposure to 

different concentrations of sulfuric acid solutions (c .a. 0. 1 ,  0 . 5  and l .0 M) 

did not show eye-detectable pitting. However, the solution became reddish

brown coloration after polarization experiment. Detai led description of the 

surface morphology of the electrode wil l  be given in the surface study 

section . 

2 Effect of Molecular Structure on the Efficiency of Thiophene 

Derivatives Used for Corrosion Inhibition in Sulfuric Acid 

The relationship between the structure of the inhibitor molecule and 

its efficiency has been the subject of several investigations [ 37 ,  3 8, 43,  44] . 

However, much less attention has been paid to the dependence of percentage 
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inhibition efficiency on the size and electronic distribution in the inhibitor 

molecule at the stainless steel surfaces. In this part of the present 

investigation the candidate wi l l  attempt to answer few questions such as : 

( i )  What i s  the effect of changing the functional group in the side chain 

of the thiophene derivative on the percent inhibition efficiency? 

( i i )  What is  the relation between the structure of the inhibitor molecules 

studied and their inhibition efficiencies? 

( i i i )  What is the effect of changing the inhibitor on the mechanism of 

corrosion? 

Figure 7 l ists the compounds used in this study (cf. F igure 1 for structural 

fonnula). Energy minimization was used in order to display the compounds 

in three-dimensional fonnat . Moreover, figure 6 reveals the electronic

density distribution profile for these compounds. From figures 1 and 6, one 

should be able  to conclude the main criterion for the selection of the 

compounds studied that provided a number of variab les. The variables 

considered in this study are : 

( i )  The effect of changing the position of substitution in  the thiophene 

nng, 

( i i) The change of type of substitution in the ring, 

( i i i )  The change in the degree of functionality within the ring. 
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:oth polarization resistance curves and Tafel plots for stainless steel in 

hl furic acid in ab ence/presence of di fferent thiophene derivatives with 

lfferent concentrations are given in figures 7a, 7b, 8a, 8b 9a, 9b, l Oa, and 

Db respectively. The electrochemical parameters derived from the above 

lentioned polarization measurements are l isted in tables 4a, 4b, 4c and 4d, 

rspectiYel . 

he data depicted ill tables 4a-4d show that the inhibition efficiencies of 

Ifferent thiophene derivatives IS stil l  pronounced even at relatively low 

Dncentrations of the inhibitor used. However, the values of the inhibition 

fficiency increase as the concentration of sulfuric acid increases (as shown 

efore ) and as the concentration of the inhibitor increases. It could be 

Dticed that the values of the anodic and cathodic Tafel constants ( �a and 

c), general ly showed the same trend observed with 2-thiophene carboxylic 

drazide for al l other inhibitors studied. The values of the anodic and 

llthodic Tafel constants ( �aand �c) generally decrease upon addition of 

lhibitor and start to increase again with irregularity after a critical 

Dncentration of the inhibitor is reached [36, 3 8] .  It i s  recognized that the 

lhibitors that shift the entire current-potential curves towards more negative 

athodic) values are cathodic-type inhibitors whi le those that shift the 

es in the anodic direction are anodic-type inhibitors [79] . 
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Table 4a Electrochemical  Parameters For Stain less Steel Type 3 1 6  i n  0.5 M S u l fu ric Acid Solutions i n  T h e  A bsence a n d  P resence of 
Differen t  Concentrations o f  2-Thiophene Carboxylic  Hyd razide. 

[ Inhibitor]" E {mV) �c Pa RI! (ohm.cm
2
} x 1 0

2 
B Icorr {A.cm -

2
} x 1 0-4 Corr. Rate (MPY) 

mollL Eoc Eeor mVlDecade mVlDecade Tafel Rp Tafel Rp Tafel Rp 
0 0.46 1 462 .8  1 1 7 1 09.6 1 .27x 1 0-J 1 . 3 x 1 0-J 24.6 1 .92x l 03 1 . 36x 1 03 4480 4 1 85 

S x l 04 -0.359 -353 .9 92.6 58 .7  1 . 1 74 1 . 1 87 1 5 .6 1 .328 1 3 . 1  3 .092 30.63 

1 x 1 0
� 

-0.367 -35 7.4  86 .6  5 8.4  1 .684 1 .24 1 1 5 . 1  0. 899 1 2 .4 2 .093 28 .35 

S x  1 0
� 

-0.359 -340.3 92.2 49.7 1 .93 1 . 1 4 1  1 4.0 0.723 1 2 .3  1 .685 28 .7  

1 x 1 0-
2 

-0.349 -349.0 92.7 52.2 1 7 . 7  1 . 53 1 1 4 .5  8 . 1 6x 1 0004 8 .85  0.002 20.62 

Table 4b Electrochemical Parameters For Stainless Steel Type 3 1 6  in 7 ru l  ethanol  and d i l u ted with 43ml Su lfu ric Acid Solutions in 
The Absence and Presence of Different Concentrations of 2-T h iophene Ca rboxylic acid.  

[Inhibitor] * E (mV) �c �a RI! (ohm.cml) x 1 0:l B Icorr (A.cm-2) 1 0-4 Corr. Rate (MPY) 
mollL Eoc(V) Ecor ruVIDecade mVIDecad e  Tafel Rp Tafe l  Rp Tafel Rp 

0 -0.420 -4 1 9.6 1 20. 1 88 .9  0.8269 0 .3458 22. 1 8  2.684 7 .53  245.96 690.68 

5 x 1 0-4 -0.396 -4 1 4.3  8 1 .6 54.4 6 .87  .9042 1 5 .48 0.206 1 .93 1 8 .89 264. 1 2  

1 x I O-J -0.382 -406.0 80.6 46.9 1 0 . 1  1 .4 1 6  1 3 .66 0 . 1 26 1 . 8 1 1 . 59 1 68 .64 

5 x 1 0-J 
-0.404 -4 1 7.6 83 .5  60. 1 1 .65 0.8077 1 6 .49 0.920 3 .24 84.32 295.627 

1 x 1 0-
l 

-0.385  -396.9 78.0 55 .5  2 .27 1 . 39  1 5 . 1 7  0 .6 1 8  3 .28 56.68 1 7 1 . 77 
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Table 4c Electroc hemical  Para m eters For Stain less Steel Type 3 1 6  i n  5 m l  ethanol  a n d  d i l u ted with 0.5 M S u l fu ric Acid Solut ions i n  
T h e  A bsence and Presence of Differen t  Concentrations of 3- T h i o p h e n e  carboxaldehyde. 

Inhibitor] * E {mV) Pc Pa RI2 {ohm.cmz
} x 1 0z B Icorr{A.cm -l} X 1 0-4 Corr. Rate (MPY) 

mollL Eoc Ecor mVlDecade mVlDecade Tafel  Re Tafel Re Tafel Re 
0 -0.404 -386.2 1 27 .0 1 3 1 . 3 0.76 1 . 098 28.06 3 .683 2 .37 337 .58 2 1 7.4 

5 x 1 0-4 -0.39 1  -366.7 93 .8  38 .3  4 .353  1 .252 1 1 . 82 0.262 2 .08 24.03 1 90.67 

1 x 1 0-3 -0.387  -365.3 83 .3  42.9 3 .23 1 . 896 1 2 .3  0 . 380 1 .3 7  34 .87  1 25 .96 

5 x 1 0-3 -0.35 8  -336.4 77.6 28 .3  1 6.4  4 .77 1 9.0 1 6  0.0548 0.54 5 .028  50.059 

1 x 1 0-1 -0.346 -3 35 .6  8 1 . 3 40.3 22 .8  8 . 38  1 1 . 7  0.05 1 1 0.3 1 4 .689 28 .496 

Table 4d Electrochemical Parameters For Stain less S teel Type 3 1 6  in  5 ml ethanol  and d i l u ted w it h  0.5 M Sulfu ric Acid Sol u t ions in 
The Absence a n d  Presence of D i fferen t  Concen t rations o f  2-Acety l  Thiophen e. 

[Inhibitor]
" 

E {mV) Pc Pa RI2 {obm.cm
2
} x 1 0z B I corr {A .cm-2} x 1 0-4 Corr. R a te (MPY) 

moUL Eoc Ecor m VlDecade mV/Decade Tafel Ro Tafel Ro Tafel Ro 
0 -0.3 8 1 -386.2 1 27 1 3 1 . 3 0 . 76 1 1 .098 28 .0  3 .68 2 .3 7 337 .5  2 1 7 .4 

5 x 1 0-4 -0.39 1 5  -369.7 96.4 55 .2 1 .998 1 .30 1 5 .2 0.762 2 .00 69.9 1 83 .6 1 7  

1 x 1 0-3 -0.39 1 9  -369.7 93 .8  48 .9  1 .663 1 .347 1 3 .9  0 .839 1 .93 76.9 1 77 .299 

5 x 1 0-3 -0.3909 -354.4 1 09.3 5 3 .2 2.093 1 .44 1 5 .5  0. 742 1 . 8 68.0 1 65.393 
I 

1 x 1 0-2 -0.3 859 -343.9 97 .7  65 . 1 5 . 573 2 .3 1 6.9 0 .304 1 . 1 3  27 .9 1 03 .642 
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11 the other hand, mixed-type inhibitor cau e a sh i ft  in the cathodic Tafel 

me towards more negat ive \-a lues and the current-potential curves near the 

fi.-ee corro ion potential towards le cathodic potentials _  I n  thi s respect 

fafel results for TC H showed a dramatic shift of the entire potential -cun-ent 

:;urve toward more cathodic value upon addition of the inh ibitor. On the 

ther hand, values of the corrosion potential  EcoIT, showed sl ight shift 

toward more anodic values upon increasing the concentration of TC H whi le 

the corresponding corrosion current. icorT, decreased towards much lower 

val ues (cf figure 7a and table 4a ) _  Moreover, t h e  val ues o f  the anodic Tafel  

constant. �a, decreased from a value of 1 09.6 m V!Decade for the uninhibited 

sol ution to a value of �50 _0 mVlDecade at higher concentrat ions of TC H .  

The corresponding val ues of the cathodic Tafel constant, �c, showed a 

change in  val ue from 1 1 7 . 0  mV!Decade to a val ue around 92 . 7  mVlDecade 

for al l concentrat ion studied of TCH. Polarization resistance data are 

(iepicted in fi gure 7b, and the corresponding e lectrochemical parameters are 

given in table 4a for TC H .  Examination of figure 7b and table 4a revealed 

that the polarization resi stance increased dramatical ly upon the addition of 

the i nhibitor and resulted in a sl ight increase in  the s lope of the polarization 

resistance curve upon increasing the concentration of the i nh ibitor in 

sol ution . 
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Inhibition efficiency of 99.34 % was reached when using a concentration of 

.0 1 0-
2 

M of TCH .  Figure 9a shows the Tafel curves for stainless steel in 

ul furic acid in absence and presence of different concentrations of TCA. It 

�ould be observed that a sl ight shift  in the entire potential-current curves for 

,tainless steel were observed upon addition of TCA to the acidic solution. 

�orrosion potential values, Ecorr> showed slight shift towards anodic 

lirections as ill the case of TCH whi le the corrOSIOn current values, icorr, 

:hanged di fferently in this case. Thus, a deCTease in icorr was observed upon 

lddition of TCA that reached a limiting value at the concentration of 1 . 0 x 

0-3 M, and started to increase as the concentration of TCA reached l . 0 x 

, 0-
2 

M .  The values of the anodic Tafel constant, �a, decreased from a value 

)f 88.9 mV!Decade for the uninhibited solution to a value of �5 5 . 5  

n V IDecade at higher concentrations of TCA.  The corresponding values of 

he cathodic Tafel constant, �c, showed a change in value from l 20 . 1 

n V!Decade to a value around 78 .0  m V!Decade for al l concentration studied 

)f TCA. Polarization-resistance experiments (cf figure 8b and table 4b) and 

;orrosion rate calculations revealed that at the concentration of l .0 x 1 0-3 M 

rCA, min imal corrosion rate as well as maximum polarization resistance are 

ichieved. This interesting observat ion could be explained on the basis that a 

;ritical concentration of TCA is reached in solution that caused optimal 
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rhibit ion effic ienc for a particular concentration of the acid. Similar 

�b enrations were cited earl ier in the l i terat ure for other sul fur-containing 

m pounds [ 38,  80] .  Above the optimal concentration, TeA eventual ly 

timulate, rather than i ncrease the inh ibit i on efficiency. It  was mentioned 

;arlier that at low concentrations of sul fur-containing inhibitors, surlace 

foverage of the adsorbed molecules is too low to result in e fficient coverage 

P prevent corrosion of the stainless steel [42] .  Moreover. some authors [8 1 ,  

�2] attlibuted this phenomenon to the hydrolysi s of the sulfur-compounds to 

,roduce corrosion promoting species, such as HS- and S2- . Hydrolysis i s  

mly acceptable t o  take place in fairly concentrated solutions where the 

�quilibriurn constant of the protonated species of these compounds bas to be 

�en into account. Another pl ausible m echanism for the observed results at 

�s particular concentration of the inhibitor could be expl ained on the basis 

�f increasing the acidity of solution via the carboxylic functionality of the 

Wllbitor above 1 . 0 x 1 0-3 M value. Thus, exceeding this  magic 

�oncentration of TeA results in two opposing effects, the first is increasing 

he inhibition efficiency and the second being the increase in the total acidity 

)f the sol ution. 

Figure 9a shows the Tafe l  c urves for stainless steel in sul furic acid in 

absence and presence of different concentrations of TeAL. Ecorr values 
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Ihov. imilar trend a that ob en'ed in the case of TC A. However, the trend 

b erved for the Tafel con tant di played some di fferences. On the other 

land, the value of icorr exlUbited a gradual dec rea e in value with increase in 

ioncentration of the inhibitor. Thu , the val ues of the anodic Tafel constant, 

�a decrea ed from a value of 1 3 1 . 3 mY/Decade for the llllinhibited sol ution 

o a value of - 40. 3 m V!Decade at higher concentrations of TeAL. The 

:orresponding values of the cathodic Tafel constant, �c, showed a change in 

ralue from 1 2 7.0 mV!Decade to a value around 8 1 .3 mVlDecade for all 

:oncentration studied of TeAL (cf table 4c) .  Polarization resistance 

neasurements data are depicted in figure 9b. The data clearly exhibi ted an 

:xpected trend of increase in the slope of t he E-J with increase in the 

;oncentration of the inhibitor added . Figure I i a depicts the data obtained 

br the Tafel measurements at stainless steel in sulfuric acid in absence and 

�resence of di fferent concentrations of AcT. The corresponding 

lectrochemical data are displayed in table 4d. As could be noticed from 

� gure l Oa, the entire potential-current curves are shifted towards more 

modic values. Moreover, both anodic and cathodic Tafel constants showed 

hanges towards relatively lower values upon addit ion of AcT and upon 

creasing its concentration. 
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1111 , the \ alu of the anodic Tafel con tant , �a, decreased from a val ue of 

d . 3 I I I  VI Decade for the uninhi bited sol ution to a val ue of �6 5 . 1 

De ad at higher concentrat ions of AcT. The corresponding val ues of 

� athodic Tafel constant, �c, howed a change in val ue from 1 2 7 

/De ade to a alue around 97. 7 m V /Decade for al l concentration studied 

I AcT except for the concentration of 5 x 1 0-3 M that showed a val ue of 1 09 

'T/Decade. H owever, the change in the slope of the anodic Tafel constant 

more pronounced when increasmg the concentration of this  inhibitor when 

mpared to the corresponding val ues of the cathodic Tafel constant . 

�sults for the polarization resistance measurements are shown in figure 

b. Again, simi lar trend of increase in  the slopes of the E-1 curves with 

In centrati on of the inhibitor is sti l l  observed as in the case of other 

hibitors studied. 

Figure 1 1  shows the variation of the corrOSIOn rate and inhibition 

;I1ciency percentage with concentration. The results indicate that the 

ctors influencing the inhibition efficiency could be summarized as fol lows:  

( i )  The order of stabi lity of the thiophene derivatives i n  solution and 

consequently their tendency to adsorb at the stainless steel surface. 
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Oi)  The posit ion of the substitution on the ring. 

( i i i )  The number and the nature of substituent (degree of functional ity). 

Thus, the order of percentage inhibition effic iency was TCH > TCA > 

TCAL > AcT. The explanation of this order in reference to the above 

factors and molecular structure consideration could be as fol lows:  the 

structure of the four thiophene derivatives posses a common part of the 

structure, that is the thiophene moiety attached the C=O group. However, 

substitution in TCAL is at the 3-position when compared to the other 

inhibitors. The lone pairs on the two nitrogen atoms of TCH are delocalized 

and consequently wi l l  cause the structure to be stabil ized . The stabi l ization 

energy resulted in the case of TCH in enhancing the surface coverage over 

the stainless steel through sulfur atom anchoring around which the electron 

density is increased [ 8 1 ,  82] .  Therefore, surface coverage in this case is 

expected to increase and is i l lustrated in an increase in corrosion inhibition 

efficiency. S imi lar argument could be put forward in the case of TCA at 

relatively low concentrations. However, as the concentration of TeA 

increases in  solution, the local acidity at the surface of stainless steel 

increases as wel l .  This  later effect results in two competitive events, the first 

is inhibition through surface coverage and the second is enhancement to the 

dissolution (corrosion) at the initial stage of the anodic Tafel port ion as 
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rdlcated in the J - E  curve. The re wt indicated that T AL e xhibited a 

regular increase in the percentage of inhibition efficiency that reached a 

Itab le  value at the higher concentration . The level ing i n  the inhibition 

�fficienc could be explained from the fact of the possible fonnation of thin 

,olymeric  layer at the surface of the stainless steel due to the polymerization 

�f TeAL [83 ] .  O n  the other hand, AcT exhibited t h e  l east percentage in 

nhibition efficienc . This could be explained in tenns of the lack of 

Ire ence of lone pairs on the methyl group for AcT when compared to other 

ompound . 

l_ Temperature Coefficient of Corrosion Inhibition of Stainless Steel by 

7tiophelle Carboxaldehyde 

The corrosion of stainless steel 3 1 6  in  0 .5  M H2S04 in absence and 

resence of different concentrations of thiophene carboxaldehyde (5 .0 x 

0-4- 1 .0 x 1 0-2 M )  at difierent temperatures (2 5--40 DC) was studied using 

'afel and l inear polarization experiments. The percentage inhibition 

fficiency was calculated using equation (6) .  Figure 1 2  shows the p lot of the 

rotection efficiency against the logarithm of concentration of TCAL at 

'fferent temperatures. Inspection of the data depicted in figure 1 2  reveals 

at  the extent of protection efficiency increases with the concentration of 
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the inhib itor as mentioned before . On the other hand, it was found that the 

inhibit ion protection efficiency decreases with increasing the temperature . 

Moreover it could be noticed that the curves possess a characteristic s-

shaped isothenns for some concentrations of the acid used, that indicate an 

adsorption mechanism for the inhibition process. General irregularity could 

be observed at some concentrations for different temperatures . The studied 

inhibitor is a five-member heterocycle ring with e ither half-chair or 

envelope-l ike structures [ 84, 85 ]  with the most probable structure in the half-

chair form. The adsorption may be mainly via the lone-pair of the sulfur-

atom in  the ring whi le the rest of the molecule covers the surface in the case 

of TeAL. Some interaction of the e lectron cloud of the ring could  also be 

expected along with water displacement from the surface as indicated 

previously by Hubbard et al . [ 86] . The resulting mode of coverage of the 

inhibitor to the surface would be an anchor (through the sulfur atom) and a 

blanket (from the rest of the molecule). Different adsorption isotherms were 

suggested in the l iterature [85  - 87] and were tested for their fit to the 

experimental data. The degree of coverage, e, at constant potential is given 

by the fol lowing relation [88,  89] : 

(7) 
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Tab le Sa. E lect rochem ical Pa ra meters For Stain less Steel Type 3 1 6  in O.S M Su l fu ric Acid Solut ions in  The A bsence 
and Presence of D ifferent Concentrations of 2-Th iophene Ca rboxa ldehyde at 2So C. 

[ Inhibitor( E (mV) �c 
molfL Eoc Ecor mVlDecade 

0 -0.404 -386.0 1 27 

5 x 1 0--=4 -0.368 -339.4 93 .8  

1 x l O-3 -0. 387  -365 . 3  86.8 

5 x 1 0-3 -0.358 -336.4 77.6 

1 x 1 0=1" -0.346 -33 5 .6 8 1 .3 

�a 
mVlDecade 

1 3 1 . 3 

3 8 .3 

40.2 

28 .3  

40.3 

Rp (ohm.cm2) x 1 02 

Tafel  RQ 
0.76 1 .098 

2 .53  1 .252  

3 .069 1 . 896 

1 6 .4 4.77 1 

22 .8 8 . 38  

B Icorr (A.cm-1) x l O-4 Corr. Rate (MPY) 
- Tafel  RQ Tafel RQ 

28 .06 3 .683  2 .37  337 . 588  2 1 7.4 

1 1 . 82  0.262 2 .08 24.03 1 90.67 

1 2 . 3  0 .3 88  1 . 3 7  3 5 .642 1 25 .96 

9.0 1 6  0.0548 0.54 5 .028 50 .059 

1 1 . 7 0.05 1 1 0 .3 1 4 .689 28 .496 

Table Sb. E lectrochemical  Pa ra meters For Stain less Steel Type 3 1 6 in  O.S M Su lfu ric Acid Solut ions i n  The Absence 
and P resence of Different Concentrations of 2-Thiophene Ca rboxaIdehyde at 300 C 

[Inhibitor] • E {mV) �c �a Rp {ohm.cm2} x 1 02 B Icorr (A.cm-2}x 1 0-4 Corr. Rate (MPY} 
mollL Eoc(V) Ecor mVlDecade mVlDecade Tafel  RQ Tafel  RQ Tafel  RQ 

0 -0. 327 -325 . 5  78 . 1 40. 1 1 . 1 1 1 .24 1 1 1 .5  1 . 1 6 2 . 1 0  1 03 .95 1 92 .5  

5 x 1 0-4 -0.336 -32 1 .7 90. 1 3 8 .2 2 .49 1 . 1 37 1 1 .6 0.467 2 .29 42.82 2 1 0.0 

1 x l O-3 -0 . 335  -3 1 0 .5  87 . 1 30 .5  3 .09 1 .5 50  9.82 0.3 1 6  1 .68 29.02 1 54 . 1 

5 x 1 0-3 -0.3 1 3  -283 . 1 1 0 1 .0 20.4 3 .5 6  2 .80 7 .37  0.206 0.923 1 8 .90 84.65 

1 x l O-l -0.297 -274 .8  94 .5  28 . 8  7 .92 5 .773 9 .59 0. 1 1 9  0 .54 1 0 .90 4 1 . 3 
------------ ---------------. ---
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Table 5c. E lec t rochem ical Pa ra meters For Sta in less Stee l Type 3 1 6  in 0.5 M Su lfu ric Acid So lu t ions  in The Absence 
and Presence of Diffe rent Concen tra t ions of 2-Thiophene Ca rboxaldehyde at 35° C. 

[ I n h ibitor)
" 

E {mV) f3c 1311 R[! {oh m.cm2} x 1 0
2 

B I corr {A.cm-2} Corr. Rate (M PY} 
Rp x 1 0-

4 mollL Eoc(V) Eeor mVlDecade mVlDecade Tafel  Rp Tafel  x Tafe l  Rp 
1 0-4 

0 -0.340 -334.2 1 1 1 .3 85 . 3  0.866 0.628 20.3 2 .4 4 . 1 4  22 1 . 8 380.2 

5 x 1 0
4 

-0. 8 1 6  -796. 1 89.0 33 .3 1 .046 0.9 1 6  1 0 .5 1 .005 2.84 92 . 1 4  260.6 

1 x 1 0:J -0.8 1 1  -794.7  93.2 32 . 1 1 .295 0.847 1 0 .3 0.800 3 .07 73 .38 28 1 .6 

5 x 1 0-
3 

-0.326 -297.2 87.5 38 . 5  27 . 1 6  1 4 .92 1 1 .6 0.427 1 .74 39. 1 7  1 60. I 
1 x 1 0=T -0.3 1 2  -289 .8  80 .7 33 .0 27 .35 20.3 1 1 9 . 1  0.3 7 1  1 .28 34.06 1 1 7.6 -

Table 5d. Electrochemical Pa ra meters For Sta in less Steel Type 3 1 6  in  0.5 M Su lfu ric Acid Solu t ions in  The Absence 
and Presence of Differen t  Concentrat ions of 2-Th iophene Ca rboxa ldehyde at 40° C. 

[ I n h ibitor)" E {mV) f3c 1311 R[! {oh m.cm
2
l x 1 02 B Icorr {A.cm-

2} x 1 0-4 Corr. Rate {MPYl 
mollL Eoc Eeor mVlDecade mVlDecade Tafe l  Rp Tafel  Rp Tafel Rp 

0 -0.350 -343 . 8  92.0 54.4 1 . 1 45 0.985 1 4 .8  1 .296 2.64 1 1 8 .7  242.2 

5 x 1 0"" 
-0.344 -322.9 97.2 43 .3  1 .250 1 .077 1 3 .0 1 .040 2.4 1 9  95.30 22 1 .6 

1 x 1 0-3 
-0.33 1 -3 1 3 . 3  82.0 3 1 .9 3 .634 1 .549 9 .98 0.274 1 .682 25 . 1 4  1 54. 1 

5 x 1 0-3 -0.325 -298.7 90.2 24.29 2.047 2.044 8 .3  0.404 1 .275 3 7.04 1 1 6. 8  

1 x 1 0-2 -0.300 -275 .5  96.3 20.30 5 .365 3 . 566 7.28 O.  I 36 0.730 1 2 .6 1 66.96 
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'here la, '(- are the corrOSIon c urrent of W1inhibited and inhibited 

;xperiment , re pect ively. 

� \ as indicated above, the inhibition efficiency mcreases with 

�oncentration, howe er hows irregularities at some concentrations with 

emperature as indicated in figure 1 2 . The latter is confinned by inspecting 

Ie alues of the Tafel constants l isted in table Sa, Sb, Sc, and S d, 

e pectively. M ore i nterestin gly the values of the cathodic Tafel constant 

�c) that corresponds to hydrogen evolUTIon in absence of inhibitor 

lecreased noticeably as the temperature increases from 2 5  to 30 °C. The 

(alue of �c starts to increase again as the temperature increases above 30 °C. 

30ckris et al . [90] , formalized a mechanism for hydrogen evolution reaction 

IS �c decreases with temperature. In this case, the mechanism seems to work 

limi larly for lower temperatures and changes as the temperature increases. 

In the other hand, corresponding values of �a showed simi lar trend as those 

ror 0c. The relatively lower values found in this study for the stainless steel 

compared to those found for mild steel [9 1 ]  and iron [92] , are due to less 

mpurities present in  stainless steel . Effective inhibition efficiency i s, 

:herefore, more pronounced at lower temperatures. The calculated 

Jrotection efficiencies when using 5 .0 x 1 0-3 M TeAL are 77.2, S6.0, S l . 7, 

5 7.9 % in O . S  M H2S04 at 2S ,  30, 3 S ,  and 40 °C, respectively. 
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We have noticed that the values of inhibition efficiencies calculated from 

inear polarizat ion measurements are comparable to those estim ated from the 

rafel experiments. Other researchers mentioned simi lar findings earlier [93 -

) 5 ] . 

\t this stage we are assuming that a layer of the thiophene inhibitor adsorbs 

mto the surface of the stainless steel .  This later finding i s  confirmed by the 

,urface reflectance FT-IR measurements shown in a later section . 

rherefore, the fraction of the surface covered by the inh ibitor and not 

:xposed to corrosion events is to i uninh. - i inh/iuninh . .  The later assumption is 

mly valid  when complete coverage of the surface by the inhibitor is readily 

naintained at al l temperature ranges study. 

� igure 1 4  depicts the Langmuir adsorption i sotherm rel ation given by the 

'al lowing [9 1 ] :  

(8) 

wnere A i s  a constant, C is the inhibitor concentration, Q is the heat of 

ldsorption, () is the part of surface covered by the inh ib itor, and ( 1  - B) is the 

vacant sites. The logarithmic format of equation (8)  can be expressed as 

fol lows [9 1 ] : 

IOg[C 
8 )] = log A + log C + Q 

1 - 8 2.3 R T  (9) 
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hus a p lot of log [ B/( 1 - 9)] vs . log C should yield a straight l ine .  As could 

Ie noticed from figure 1 4  that as the temperature reaches 40 °C the change 

n surface co erage with change in temperature differs in magnitude and 

tent when compared to lower temperatures. A direct appl ication of 

,angmuir equation (9) is  to plot values of log [ B/( 1 - 9)] vs .  l iT at given 

oncentration values. The heat of adsorption could be estimated for 

l ifferent concentrations as depicted in  figure 1 5 . The heats of adsorption are 

83 . 1 8, -60.34 - 1 3 1 .63 ,  and - 1 1 6 .47 for 5 .0  x 1 0.4, 1 . 0 X 1 0.3 , 5 .0 X 1 0.3, and 

.0 x 1 0.2 M inhibitor respectively. On the other hand the heat of 

dsorption could be estimated from the relat ion between the rate of corrosion 

nd the inverse of temperature [9 1 ] . I n  this method the total measured rate 

If corrosion could be expressed as the sum of two rates, the first for the rate 

If uninhibited reaction, and the second for the rate of corrosion of 

ompletely covered surface. The expression of these two rates i s  [9 1 ] : 

- d [Fe J  
= K (1 - 0) + K 0 

dt I 2 ( 1 0) 

[Vhere KJ and K2 are the rate constants of the two processes, respectively. 

n most of our d iscussion, we wi l l  be considering the Langmuir model of 

Ldsorption. Thus, from substitut ing for the values of B from equation ( 8 )  

nto equation ( 1 0) we  obtain: 
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.... d l Fe J >--
d1 

(! K J K A C e RT 
__ -,---:,--- + 2 Q Q 
1 + A C e RT 1 + A C e  R7 

( 1 1 ) 

n equat ion ( ]  I ). the activation energy should increase as the extent of 

inhjbit ion increases. This is related to the term A .C. eQ RT, and when the 

mrface is inhibited, C is equal to zero. Upon rearrangement of equation 

r 1 1 ). where K/ and K2 are replaced by t11eir exponenti al fonns :  

- d[ Fe J  = 
cit 

E, Q E, 
K l '  e RT K 2 '  A C e RT RT 

Q + Q 
l + A C " RT l + A C e  RT 

( 1 2 ) 

tn the later case, the activation energy for the corrosion process should be 

equal to E 1 .  M oreover, as the extent of inhibition i ncreases, and e becomes 

l arge, the activation energy increases to equal (E j+Q). At very l arge values 

for e the activation energy is equal to E2. I f  we assume intermeruate 

coverage by the inhibitor to the stainless steel surface and adopting the 

Langmuir model ,  the activation energy of adsorption could be determined. 

In this respect, a plot of the rate of corrosion versus I f[  as depicted in figure 

1 5  would al low the calculation of activation energy of adsorption . The 

activation energy is then plotted versus the inhibitor concentration as shown 

in figure 1 6 . The maximum value shown i n  figure 1 6  corresponds to the 

al ue of (E ]+Q) that is equal to r 10 � .mor l 
for -=1 x 1 0-3 mol . 
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If the E I  for the un inhibited reaction I S  equal to 7 .64 kJ .mor l [96], 

therefore, the heat of adsorption is equal to 59.7 kJ .mor l . This value is 

rea onably agreeing with that obtained previously from the expression of 

equation (9) .  

From the aforementioned discussion, we can conclude that the inhibitor 

molecules are well adsorbed over the metal surface and that surface 

coverage of the stainless steel surface by the inhibitor change with 

temperature and concentration, respectively.  I n  the case of lack of 

interaction between adsorbed inhibitor molecules at the surface, the 

Langmuir model suggests : 

K C = [0 1(1 - 0)] ( 13) 

On the other hand, the thermodynamic parameters shown in table 6, were 

estimated from the following relations [9 1 ] : 

(1 4) 

And the temperature coeffic ient could be estimated according to : 

�G· = MI" - ZFT(��) (1 5) 
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d logi 
- 'iT - -2 .3 * 8 .3 1 4  * -----=--1-d log 

T 

( I Sb )  

L S  indicated i n  the val ue ca1cuJ ated i n  table 6,  the enthalpy o f  adsorption, 

J-?, entrop of adsorption, !JS"U and free energy of adsorption, !1Go, are al l 

egative. The negat ive value of M-F indicates the adsorption process is  

'othenn ic. On the other hand, the magnitude of t.S and !1Go indicate that 

replacement process took place during the adsorption of the inhibitor 

holecules at the surface of the stainless steel [97 ] .  

r- ElectocltemicaL Impedance Spectroscopy (EIS) 

The corrosion behavior of stainless steel 3 1 6  ill aci dic solution in the 

resence of 2 -thiophene carboxylic acid and 2-acetyl thiophene with 

different concentrations was investigated by the E I S  method at room 

temperature. The locus of Nyqui st plots is regarded as one part of a 

semicircle. The equivalent circuit model employed for this system is as 

previously reported in the l iterature [98] and shown in figure 1 7 . Nyquist 

plots of stainless steel 3 1 6  in inhibited and uninhibited acidic solutions 

containing various concentrations of TeAL and AcT are shown in figures 1 7  

and 1 8. As could be noticed the impedance diagrams obtained are not 

perfect semicirc les, and this could be attributed to frequency dispersion as 

indicated earlier [99] . The equivalent circuit to which the data were fitted is 
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Tmeperatu re 
�G MI �S Tern p.coeff. 

( KJ/mo m l) ( KJ/mol) (J/moI .K)  .d E/dT 
.., 

30° C -26.6 1 0  -38.625 -39.652 

40°C -26.2 1 4  -2.05X I O-7 

....... 
o 

Tab le 6 :  The thermodyna m ic para meters for the TCA L  in 0.5 M H2S04 • 



own 111 figure 1 9 . The charge-transfer resistance, R(, values could be 

�lcu lated from the d ifference in impedance at lower and higher frequencies .  

to obtain the double layer capac itance ( Cd1 ) the frequency at which the 

ll1aginary component of the impedance is maximum ( - Imag max) is  found 

nd Cd1 values could be calcu lated from the equation [99] : 

1 (- I m ag m ax) = ---
2:r Cdl R( ( 1 6) 

could be noticed from the data of figures 1 9  and 20 that the impedance 

emicirc le s ize depends on type and concentration of the inhibitor used . The 

resence of the semicirc le  in the impedance diagrams indicated that, the 

orrosion of stainless steel 3 1 6 is ,  control led by a charge transfer process. 

'abIes 7 and 8 depict the impedance parameters obtained by l ine fitt ing to 

�e semicirc le .  The charge transfer resistance (Ret) increases as the 

ncentration of the inhibitor increases for the two inhibitors studied.  Also, 

e double layer ( Cd1) decreases with increase in the concentration of the 

bhibitor. This  decrease is due to adsorption of inhibitor on the metal 

urface causing a change of the double l ayer structure as indicated earl ier 

1 00] . When comparing the inhibition efficiencies obtained from testing 

nethods used in thi s  study, it can be concluded that there is a fair  agreement 

letween the obtained results from E I S  and other d .c techniques. Again, it 
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ould be not ic  d that 2-acetyl th iophene showed higher inhibi t ion efficiency 

1 lower concentrat ions when compared to 2-thiophene carboxyl ic  that 

�howed relat ivel h igher inhibition efficiency for higher concentrat ions. I n  

�ummary, a l l  electrochemical techn iques used i n  th i s  study showed 

�omparable trend in i nhib ition efficiency and that the formation of stable 

film through chemicaVphys ical adsorption on stainless steel surface is  

esponsible for the observed corrosion inhibit ion of the th iophene derivat ives 

studied . It is worthwhi le  to mention that inhibit ion efficiency was calculated 

from E I S  measurements as indicated in tables 7 and 8 us ing the fol lowing 

elation [ 1 00] : 

R-1 R -1 
P = ct( Ullillh .) - ct( ill" .) x l 00 

R-1 
ct ( uni,," .) 

(1 7) 

Where p i s  the inhibition efficiency, Ret(uninh.) and Ret(inh.) are the charge 

�ansfer res istance values without and with inhibitor, respectively. We have 

tol l  owed the progress of Ret and Cdl with immersion time and noticed that 

rithout the inhib itor, R" decreases with immersion t ime, whereas Cd] 

�creases. Both Ret and Cdl change trend to the opposite direction in 

�resence of inhibitor. Again, we can conclude that the change in R" and Cd] 

values is due to the gradual replacement of water molecules on the metal 

surface, decreasing the extent of dissolution reaction . 
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Ta ble 7 :  A.C i m pedance data of 3 1 6  sta in less steel i n  0.5 M 1 1 2S04 M su l fu ric ac id i n  presence and  
a bsence of 2-Thiophene  ca rboxyl ic  ac id  a t  -0. 1  V 

Concen trat ion Ret l fRet Cd l p ,Q cm -2 ,Q-l 2 
JlF cm 

b la n k  30.5 3.20 X 1 0-2 62.3 -

5X 1 0-4 48.4 2 . 1 X 1 0-2 54.7 34.38 

1 X 1 0-2 
2 1 9.7 0.46 X 1 0-3 45.0 85.63 



Ta ble  8 :  A.C i m peda n ce data of 3 1 6  sta in less steel i n  0.5 M H2 S04 M s u l fu ric  ac id in  p resence and  
a bsence of 2-Acetyl  Th iophene at  -0. 1  V 

Concentration Ret 1 fRct Cdl 
n -2 n-1 2 

J.lF P cm em 

b lank  52 .2  0.0392 58.6 -

5X 1 0-
4 

52.8 0.0 1 89 4 1 .3 5 1 .78 

1 X 1 0-2 1 02.4 0.00976 1 8.6 75.08 



5- Sur/ace Measurements 

5-11 Scanning Electron Microscopy 

Figure 20 shows the surface features of stainless steel 3 1 6  exposed to 

0 . 5  M H2 04 with and wi thout 2-thi ophene carboxylic hydrazide for 1 0  

mi nute . Figure 2 0.a shows extensive corrosion in 0 .5  M H2S04. Figure 

20.  b exb jbits the effect of 1 . 0 x 1 0-3 M 2-thiophene carboxyl ic hydrazide in 

0 . 5  M H2S04 .  TIle specimen surface i s  nearly intact as even the original 

pol ishing scratches are seen after the exposure. Few pits are visible on the 

specimen surface after exposure to a 0.0 I M NaCI-containing 0 . 5  M H2S04 

in  absence of i nhibitor as shown in  figure 20.b .  Energy dispersive x-ray 

analyses ( EDAX) were performed on the exposed stainless steel samples. 

The data are depicted in  figures 2 1 a and 2 I b  for a sample exposed to 0 . 5  M 

H2S04 and to 0 .5  M H2S04 + 1 .0 X 1 0-3 M 2-thiophene carboxylic hydrazide, 

respectively. Several important observations could be noticed from the data 

of figure 2 1  : 

( i )  The general features o f  the spectra are similar in  both cases, 

where the stainless steel is only exposed to the sulfuric acid  

solution and that containing the i nhibitor. 

( i i )  The amount o f  i ron nickel and molybdenum were affected 

when comparing the two graphs .  Thus the amount of iron, 
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nickel and molybdenwn decreased in case of sample 

exposed to inhibitor-containing sol ution, whereas the 

amount of chromi wn increases. 

( i i i )  A sul fur peak clearly appeared ill the case o f  sample 

exposed to the thiophene carboxyl ic hydrazide sample .  

The decrease in the amount of iron, nickel and molybdemun and the increase 

in the amount o f  chromium indicated that the dissol ution of stainless steel is  

inhibited. Moreover, the appearance of the sul fur peak could be attributed to 

the adsorption o f  2-thiophene carboxylic hydrazide moiety at the stainless 

steel surface. This asswnption was confinned by the data obtained from 

surface reflectance FT -IR measurements. 

5-b Surface Reflectance FT-IR 

Surface reflectance FT-IR experiments were conducted on speCImens that 

were exposed to 0 . 5  M H2S04 and compared to stainless steel sheets 

exposed to 0 . 5  M H2S04 + 1 . 0 X 1 0.3 M 2 -thiophene carboxylic hydrazide. 

One important goal for this experiment is  to ensure whether the inhibitor 

adsorbs to the surface of the metal substrate after exposure and thorough 

washing. Thus, figure 22  shows the data obtained by reflectance from the 

surface of the stainless steel ( displayed in red ) and that obtained from a 
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'onventlonal transm ission experiment of the 2-thi ophene carboxylic 

�ydrazide (di  played in  blue ).  Region A is characterized by a strong "two-

and" signal in  the region 3 1 00-3500 cm- l that is  characteristic of primary 

amines stretch [ 1 0 ] ] . Regions B and C are characteristics of the aromatic C

H stretch and bending bands of the thiophene ring at 1 4 1 4  cm-! and 1 075 cm

" respectively. A rather weak band appeared at 1 660 cm- ! that is thought to 

be due to the carbonyl group in the ami de l inkage -C=O-N H .  At this  stage, 

we can concl ude that the inhibitor is adsorbed to the surface of the substrate 

via the thiophene sulfur electron lone-pair, and t hose of the oxygen and the 

nitrogen atoms of the amide link The presence of a thin oxide Jayer at t he 

surface of the stainless steel i s  inevitable as indicated i n  the SEM 

micrographs depicted in figures 2 0 . a  and 20.b. 

1 1 0 



Fig u re 20 .a showes th e su rfa ces of sta i n l e 3s steel 3 1 6  expo.:J�� 

to 0.5 M H2S04 w ith a n d  without TCH 



Fig u re 20 .b  S u rface of  sta i n l ess steel 3 1 6  exposed to 0 . 1  M H2S04 and  
TCH i n  a bsen ce (a )  a n d  presence (b )  of  c h lor ide ions 
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Conclusions 

The present work studied the corrosion behavior of stainless steel 

type 3 1 6  in acidic medium. The inhibitory effect and efficiencies of 

different thiophene derivatives were evaluated on the e lectrochemical 

behavior of stainless steel type 3 1 6  in acidic medium. The effect of 

adding chloride to the acid medium was also studied. The inhibitors 

studied showed distinct inhibition efficiencies depending on the 

molecular and configurational states of the inhibitor. The inhibitors 

appeared to be of the mixed type. This conclusion was achieved by 

comparing the change in the values of the anodic and cathodic Tafel 

s lopes. Inhibition efficiencies of ca. 97% were realized using these 

inhibitors in 0 .5  M H2S04. The presence of chloride ions in the acid 

medium was found to be detrimental and initiated pitting to the surface of 

the al loy . The appl ication of thiophene carboxylic hydrazide hindered the 

formation of pits on the surface of stainless steel . Increasing the 

concentration of the inhibitor caused a gradual decrease in the rate of 

corrOSion. Opposite effect was observed on rate of  corrosion by 

increasing the concentration of H2S04 .  The order of increasing the 

percentage of  inhibition efficiency was 2-thiophene carboxyl ic  hydrazide 

> 2-Thiophene carboxylic acid > 3-thiophene carbxaldhyde > 2-acetyl 

thiophene. This sequence was explained in terms of the order of stabil ity 



of the thiophene derivatives in solution and consequently their tendency 

to adsorb at the stainless steel surface, the position of the substitution on 

the ring and the number and nature of substituent. On the other hand, 

increasing the temperature resulted in a decrease in the inhibition 

efficiencies. Heat of adsorption was calculated as -3 8 .625 kJ .mor i for 

thiophene carboxaldehyde. The negative values calculated for M-? 

indicates that the adsorption process is exothermic .  Moreover, the 

magnitudes of thl° and !!J.Go indicate that a replacement process took 

place during the adsorption of the inhibitor molecules at the surface of the 

stainless stee l .  

Surface measurements indicated that the surface of the stainless 

steel is  protected in presence of the inhibitor in aggressive medium . Also, 

surface reflectance FT- IR  indicated that the inhibitor adsorbs effectively 

at the surface of stainless steel . 

_____________ l l � ____________________________________ __ 
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