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ABSTRACT 

The effect of 3-thiazinonyl-bicyclo (4.2.0] octene
carboxylate derivatives on the corrosion behavior of 
stainless steel type 304 in 1.0 M HCI solution has been 
investigated using weight loss. potentiodynamic 
polarization and electrochemical impedance spectroscopy 
(EJS) techniques. The inhibition efficiency increased with 
increase in inhibitor concentration but deceased with 
increase in temperature. The thermodynamic functions of 
corrosion and adsorption processes were evaluated. The 
potentiodynamic polarization measurements indicated that 
the inhibitors are of mixed type. The adsorption of these 
inhibitors was found to obey Langmuir's adsorption 
isotherm. Synergism between iodide ion and inhibitors was 
proposed. The inhibitive action was satisfactory explained by 
using both th~nnodynamic and kinetic models. The results 
obtained from the three different techniques were in good 
agreement. 

Keywords. Corrosion, HCl, 3-thiazinonyl-bicyclo [ 4.2.0] octene
carboxylate derivatives, stainless steel type 304. 

1. INTRODUCTION 

Stainless steel type 304 has··found wide applications in variety of 
~dustries. It is covered with a highly protective film of chromium ox
hydroxide and is resistant to corrosion in many aggressive environments. 
It is possible to reduce the corrosion rate to safe leyel by adding 
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inhibitors. Organic compounds and their derivatives were used 
successfully as inhibitors for different types of steels and were studied 
extensively through the last century. Recently, interest is still growing for 
exploiting other inhibitors for the corrosion of stainless steels 
jSzypowski (2002)) . Several organic molecules containing sulfur, 
oxygen and nitrogen hetero-atoms were sugge.sted as inhibitors for steel 
in acidic medium [Quraishi et a/., (2003); 'Elachouri et a/., (1995); 
Merari et al., (1998); Bcntiss et a/., (2000); Elkadi et a/., (2000); 
Walker (1975) and Bentiss et a/., (1999)] .' The inhibition mechanism 
for this class or inhibitors is mainly based on adsorption [EI-Kanouni et 
a/., (1996)1. 

Th~ present investigation aimed to study the effect of three 3-
thinzinonyl-bicydol4.2.0] octene-carboxylate derivatives as 
cn,·iromm:nt<~ll;. -rricndly corrosion inhibitors for the corrosion of 
stainkss sled type 304 in 1.0 M HCI. Also, the relationship between 
calculnted quanLum chemical parameters and experimental inhibition 
efficiencies of the inhibitors was discussed. 

2. EXPERIMENTAL METHODS 

2.1. Materials 
Tl1e experiments were performed with stainless steel type 304 

specimens in the ~orm of rods and sheets with the following composition: 
C :::::0.1%. Mn 0.5%. P= 0.025%. S= 0.025%, Fe remainder. 

2.2. Solutions 
The aggressive solutions used were made of AR grade HCI. 

Appropriate concentrations of acid were prepared using distilled water. 
l o··'mol 1"1 stock solutions from the investigated compounds were 
pr~pan.:d hy diss{)lving the appropriate weights of the used chemically 
pure solid compounds in distilled water. 

2.3. W cigh t loss method 
Three parallel stainless steel sheets of 2 x 2 x 0.2 em were 

abraded with emery paper up to 1200 grit. and then washed with distilled 
water and acetone. After weighing accurately, the specimens were 
immersed in 100 ml beaker, which contained 100 ml HCl with .and 
without addition of different concentrations of inhibitors. All the 
aggressive acid solutions were open to air. After 6 h, the specimens were 

I 
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taken out, washed. dried. and weighed accurately. The average weight 
loss of the three parallel stainless steel sheets could be obtained. Then the 
tests were prepared at different temperatures. The inhibition efficiency 
(IE) and the degree of surface coverage {9) of investigated inhibitors on 
the corrosion of stainless steel were calculated as follows (Talati & 
Modi (1986)): 

IE% =[(W0 -W)/ W0]x 100 ( I) 
0 = [(W0 - W)/ Wo) (2) 

where W0 and W are the values of the average weight loss without and 
with addition of the inhibitor, respective ly. 

2.4 Potentiodynamic polarization measurements 
Polarization experiments were carried out in a conventional three

electrode cell with a platinum counter electrode and a saturated calomel 
electrode coupled to a fine Luggin capillary as the reference electrode. 
The working electrode was in the form of a square cut from stainless 
steel sheet (I em x I em) embedde<..i in epoxy resin of 
polyt~tralluoro~th~..!l yn~ so that the t1at surface ,,.Js the only surface in the 
electrode. lkl(m: polari;.ation scanning. working dectrode was immersed 
in the test ekctnll) t~ \) r 100 ml in ,·olume lor .20 min. unti l steady stall.! 
and the open circuit potential (OCP) was attain~d which was taken as 
Eoc. All potentidynamic meusurem~.:nts were carried out with a Gamry 
framework instruments (version 3.20). controlled by a computer which 
also recorded and stored the data. All experiments were carried out at 25 
±1 1'C using Lab companion circulator thermostat model CW-OSGL and 
solutions \vcre not <.kacrated. For polarization measurements potential 
from -300 to I 00 m V (relative to open circuit potential, Eoc) was applied 
while potential from -500 to 700 m V (relative to reference electrode 
potential. Ercr) was applied in case of pitting measurements. IE% and the 
degree of surface coverage (8) were defined as: 

IE% = W.:orr- icornintl)) I icorr] X 100 (3) 
0 = [(icorr - lcurn 1nh )) I l.:orr] ( 4) 

Where icurr and i~·•rr!•nh l are the uninhibited and inhibited corrosion current 
density values. respectively, determined by extrapolation ofTafellines to 
the corrosion potential. 

2.5. Electrochemical impedance spectroscopy method 
The EIS spectra were recorded at open circuit potential (OCP) 

after immersion the electrode for I 0 minutes in the test solution. The AC 
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signal was 5 m V peak to peak and the frequency range studied was 
between 100 kHz and 0.2 Hz. All Electrochemical impedance 
experiments were carried out using Potentiostat/ Galvanostat/Zra 
analyzer (Gamry PCD00/4). A personal computer with EIS300 software 
and Echem Analyst 5.21 was used for data fitting and calculating. 

The inhibition efficiency (IE%) and the surface coverage (9) of 
the used inhibitors obtained from the impedance measuremer-lts can be 
calculated by applying the following relations: 

%/£=(1-~ct]xl00 (S) 
I{. I 

e =(1- Roc, J (6) 
Ret 

where R0
c1 and Rc, are the charge transfer resistance in the absence and 

presence of inhibitor, respectively . 

2.6. Inhibitors 
The following three 3-thiazinonyl-bicyclo(4.2.0] octene-

carboxylate derivatives were used as inhibitors for the corrosion of 
stainless steel type 304 in l M HCI. These derivatives were selected 
because: availability, with large molecular size, easily soluble in water 
and non tox ic. 

A. 

0 

~'r(s 

_)---~"~ 
0 

coo- H+ 

( 6R. 7R, Z)-7 -(2-(2-aminothiazol-4-yl)-2-(methoxyimino )acetamide )-3-
( 1-methyl pyrrolidinium- l-yl)methyl)-8-oxo-5-thia-1-aza

bicyclo [ 4.2. O]oct-2 -ene-2 -carboxy late 
(Produced by Bristol-Myers Squibb Egypt Company, Egypt) 

Chemical Formula: C 191-hsCIN60sS2 Molecular Weight: 517.0~ 
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( 6R. 7R. Z)-7 -(2-(2-aminothiazol-4-yl)-2-(2-carboxypropan-2-
yloxyim ina) ace tam ido )-8-oxo-3-(pyriJini um-1 -y I methyl)-5-thia-1-aza

hic yclo[ 4. 2.0 lo~t -2 -~ne-2 -~arbox yl ate 
(Produced by (jla.\O Smithklinc Company) 

Chemical Formula: C~2H22l\r,07S~ !Vlolecu!ar Weight: 546.58 

Oil 

( 6R. 7R. Z)-7- { 12-l( 4-ethyl-2.3-dioxo-pipcrazine-l-carbonyl)amino 1-2-
( 4-hydroxyphenyl)acetyl) amino )-3-[( l-methyltctrazol-5-

yl)sul fany lmethy l}-8-oxo-5-thia-1-aza-bicyclo( 4.2. 0 ]oct-2-ene-2-
carboxylic acid 

(Produced by Pharco Pharmaceutical Company, Egypt) 
Chemical Formula: C25H26N9NaOsS2 Molecular Weight: 667.65 
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3. RESULTS AND DISCUSSION 

3.1. Weight loss measurements 
The weight loss of stainless steel type 304 specimen in 1.0 M HCl 

solution. with and without different concentrations..from the investigated 
inhibitors, was determiFled after 6 h of im:mersion at 25°C. Fig.l 
represents this for compound (C) as an·. example. Similar curves were 
obtained for other inhibitors (not shoWn). Obtained values of IE% are 
given in Table ( l ). The presence of inhibitors reduces the corrosion rate 
of steel in HCI. 

2.0.,----------------------. 
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Fig. I. Weight loss- time curves for the corrosion of stainless steel type 304 in 1.0 mol 1'1 HCI 

in absence and presence of different concentrations of inhibitor (C) at 25°C 

3.1.1- Adsorption isotherm 
One of the most convenient ways of expressing adsorption 

quantitati vely is by deriving the adsorption isotherm that characterizes 
the metal/ inhibitor/ environment system jSzklarska-Smiaiowska (199l)J 
various adsorption isotherms were appl.ied to fit 8 values but the best was 
found to obey Langmuir adsorption isotherm (Langmuir & Amer 
(1947)] which may be expressed by: 
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c 1 
-=-+C e K 
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(7) 

where C is inhibitor concentration and K is equilibrium constant of 
adsorption (see Fig.2). 
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Fig .2. l~U1p.muir <llborption isoth~:1m plone~.t as (Ol·l} 's C nf inhihitors A I3 <111d C lor 

~·otTosiot\ ol'stainbs slt:d I\ r: 301 in 1.0 'roll'' HCI solution m ?.S'C 

It is wdl known that the standard adsorption ti·ee energy (.6.0° ads) 

is related to equilibrium constant of adsorption (K) and .6.G0
acts can be 

calculated by the following equation [Khamis (1990)}. 

K = l/55 .5 exp [-.6.G0 ausiRT] (8) 
fig. 2 represents the plot of (C/8) against C for all investigated 
compounds. As can be seen from Fig. 2, the Langmuir isotherm is the 
best one which explains the experimental results. Also, it is found that 
the kinetic-thermodynamic model of El-Awady et al [EJ-Awady & 
Ahmed (1985)]. 

log (8/ 1- 8) = log k' + y log C (9) 
is valid to operate the. present adsorption data. K = K' (lly)' K' is constant 
and 1/y is the number of the surface active sites occupied by one inhibitor 
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molecule ami C is the bulk concentration of the inhibitor. Plotting log 
(811-8) against log C for the compounds is given in Fig. 3. where 
straight-line relationships were obtained suggesting the validity of this 
model for the studied case. A plot of log (8/ 1-8) vs. 1/T at constant 
additives concentration (Sxl0-5 mol r 1

) (Fig. 4) gives straight lines 
according to the following equation: 

<:;' 

<P 
~ 

log 8/ 1-8 = !Gg A+ log C- (Q/2.30JRT) (10) 

1.2 • compound (A) 

• compmmd (8) 
A compound (C) 

0.9 

0.6 

0.3 

0.0 

-0.3 
• R=0.96548 
• R= 0.94723 

-0.6 • R =0.97128 

-6.0 -5.5 -5.0 -4.5 . -4.0 -3.5 -3.0 

logC 
Fig .3. U 1\\\<ldy et al model plotted as log (0/1-D) vs log C of inhibitors A. 8 and C for 

co1msion ol'stuinkss steel type 304 in 1.0 mol r' I-ICI sollnion ul ::!5uC. 
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Fig .-1. Plots oF log 10/ 1-0) vs. I IT for 5x I a·' mol 1"

1 
of inhibitors /\. [3 and C for corrosion of 

~tainb~ ~tee I t~ p~: 3~1 in 1.0 mol 1' 1 
HCI solution at 2~··c. 

Th~ Q valu~s were obtained from th~ slopes or these lines. The 
values of K and 6G0 aus calculated by Langmuir isotherm and lly, K and 
6G0 au, calculated by the kinetic model and the values of Q are given in 
Table (I). The negative values of 6G0 

ads suggest that the adsorption of 
inhibitors molecules onto steel surface is a spontaneous process. The 
magnitude of adsorption heat reaches the magnitude of chemical reaction 
heat, which is the result of the transference of electron from donating 
atoms in the inhibitor molecule to the d-orbital of the iron atom. The 
negative values of Q show that, the process of adsorption is exothermal. 
It is noting that the value of 1/y is more than unity. This means that the 
given inhibitor molecules will form monolayer on the steel surface. In 
general the values of 6G0

ads obtained from El- Awady et al et model are 
comparable with those obtained from Langmuir isotherms. 
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Table (1): Binding constant (K), free energy of adsorption (~Gads) and number 
of active sites (1 /y) and for adsorption of inhiq(t9rs A, Band C and 
heat of adsorption (Q) of 5xl0"5 mol 1' 1 on stainless steel type 304 
su rface in 1.0 mol 1" 1 HCI at 25°C. 

Kinetic model Langmuir isotherm -Q. 
Inhibitor 

-6G,Hls -6Gads (kJ mor 1
) 

1/y K l( 
(kJ mol- 1

) (kJ mol- 1
) 

!\ 2.096 207556 40.291 177069 39.898 15.034 

I3 2.624 600667 42.925 353518 41.611 16.565 

c 2. 111 922377 43.988 4l0433 41.981 23.608 

3.1.2- Kinetic parameters 
The corrosion of stainless steel type 304 in 1.0 mol 1" 1 HCl in 

absence and presence of different concentrations of the investigated 
inhibitors (ca. 1.0 X 10"6 to 5 X I 0"4 mol 1" 1

) at temperatures range (25-
55')C) was studied using weight loss method. The percentage inhibition 
cniciency (%IE) at each inhibitor concentration can be calculated using 
equation (I). The inhibition efficien<.:y values at different temperatures 
' 'ere lahula!cd in Table (2). The obtained data reveal that the extent of 
the inhibition dticicncy increases with the concentration of the inhibitors 
and decreases with increasing temperature. These types of inhibitors 
retard the corrosion process at ordinary temperature [Putilova et al., 
( 1960)) whereas the inhibition is considerably decreased at elevated 
temperature. The increasing of the corrosion rate with increasing the 
temperature is suggestive of physical adsorption- of the used inhibitors on 
stainless steel type 304 surface. 
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Table (2): Effect of temperature on the inhibition efficiencies of different 
concentrations of inhibitors A, B and C for the corrosion of 
stainless steel type 304 in 1.0 mol 1" 1 HCI. 

..... IE% 
Temp. 

0 
[Inhibitor], M .... ·-..0 

T, °C ·- lxlO ..c 
1 x 1 o·6 Sx 1 o-6 Sx 1 o-s 1 x 1 o-4 5x 1 0"4 c -5 

A 23.8 55.4 67.0 77.7 80.3 87.9 

25°C B 36.6 6l.4 75.0 79.6 84.5 86.6 

c 40.5 75 .5 77.0 88.8 89.8 93.2 

A - 53 .3 59.0 76.3 78.1 87.8 

35°C 11 - 56.6 70.5 77.4 79.3 86.9 

c - 68.6 75.1 g6.9 88 .9 93.5 

.'\ -
.., - ') 
J) . _ 51 .8 71 .6 73.5 85.4 

45"C 13 - 39.l) 58.5 72.8 76.9 84.4 

c - 5l.2 64.2 83.6 86.3 90.8 

I 

A 

I 

- 28.7 42.5 66.7 68.7 83.5 

ssnc B - 33.0 46.7 68.0 72.9 82.6 

c - 29.3 44.3 76.2 83.4 9l.9 

The activation energy of the corrosion process can be calculated 
using Arrhenuis-type equation: 

k=Aexp(- Ea*/RT) (11) 
where k is the corrosion rate, A is the pre-exponential factor, Ea • is the 
apparent activation energy. R is the universal gas constant and T is the 
absolute temperature. The apparent activation energy at 5x 1 o·S mol r' 
from the investigated inhibitors was calculated by linear regression 
between In k und (liT) lfig. 5]. The ~nergy of activation for the 
compounds and the values of the thermodynamic parameter for the 
dissolution of stainless steel type 304 in 1.0 mol r' HCI are listed in 
.Table (3). Free energy of activation (~G·) were calculated by applying 
the transition state equation [Laquc & Gapson (1963)] 
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Table (3) : Activation energy and thermodynamic activation parameters for 
dissolution of stainless steel type 304 in 1.0 mol r 1 HCI in absence 
and presence of Sx I o·5 mol r 1 of inhibitors A, 8 and C at different 
tc 1 npcra tu res. 

lnh ibitl)rS 
·rh ~.:rmodynamic T l.!m perature. °C 

ac ti n1tion parameters 
25 35 45 55 

Ea. (kJ mol'') 44.3 

t:lG. (kJ mor 1
) 85.7 87.1 . 88.8 90.0 

l MHCI • 1 
41.8 41.8 4 1.7 4 1.6 L.\H (kJ mor) 

-6S. (J mor'K. 1) 147.2 147.2 148.1 147.4 
' I E., (kJ mol') 55.2 

c· ' 89.4 90.g 92. 1 93.0 .Zl J (k.l mol' l 
!\ 

61-I" (kJ mol' 1
) 52.8 52.7 52.6 52.5 

-6S- (J mol' 1K.1) 123.1 123.7 124.3 123.3 

c.,· (kJ mol" 1
) 56.6 

1\G' (U mol' 1
) 89.7 90.9 92.2 93.2 

13 . 
( k.l mor ') 

I 
;\I I 54.1 54.0 5-Ul 53.9 

-i\S 
> 

1 r'K' 1 (. 1110 . ) 119.2 119.7 1:20 .3 119.5 
• I l,. (kJ mol' ) 64 .0 
• ·I 91.1 92.3 93.6 93 .9 1\G (kJ mol ) 

c . 
(kJ mol' 1

) 6!-l 61.5 6 1.4 61.4 61.3 

-6.S• (J mor'K. 1) 99.4 100.2 101 .3 99.4 
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. f-"ig. 5. AtTehenius plots (log K •s lfD for stainless steel type 304 in 1.0 mol r' HCI 
in abbsence and presence of Sx 10·' mol r' of inhibitors A. Band C. 

6Ci ., = RT[In ~T -ln(corrosion rate)) 

51 

( 12) 

where. h is Planck ·s constant. K is Boltzman ·s constant. R is gas constant 
and T is absolute temperature. The enthalpy of activation (L.'!.H•) and the 
~ntropy ot· activation (L~S') were calculated by applying the following 
~quations !EI-Awauy & Ahmed (1985)1 

6J I ' = E" - RT ( 13) 
a 

( 14) 

The activation energy is higher in the presence of additives than in their 
absence. Similar results were obtained by other authors !E.Khamis 
(1990); Zhao & Mu (1999); Fouda et al., (2005); Fouda eta!., (2009) 
and Riggs & Hurd (1967)]. The higher values of Ea. are good evidence 
for-. the strong adsorption of 3-thiazinonyl-bicyclo[4.2.0] octene
carboxylate derivatives on the steel surface. The values of (L.'!.H*) are 
positive and· high in the presence of the inhibitors over that of the 

.... 
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uninhibited snlution. This implies that energy bmTier of th~ corrosion 
reaction in the presence or the investigated inhib itors increases. On the 
other hand 1.\S - values are lower and have negative values in presence of 
the inhi bite rs. this means that addition of these compounds cause a 
decrease in the disordering in going from reactants to the activated 
complexes [Riggs & Hurd (1967) and Gomma & Wahdan (1995)]. 

3.2. J>otcntiodynamic polarization measurements 
fig. 6 shows potentiodynamic polarization .curves of stainless 

steel type 304 without and with different concentrations of compound (C) 
at 25°C as an example. Similar curves were obtained for other 
compounds. 
The obtained electrochemical parameters; cathodic and anodic Tafel 
slopes (~, and ~:1 • respective ly!. open circuit potential (Eoc) corrosion 
potential ( E.:.m l . cmrosion current density (i,orr). corrosion rate (C.R. ) and 
polarization resistance (R1,) were obtained anJ listed in Table -1 . T-h~ 

lkgrcc ,,r :-.url;lcc Cll\cragc: 0 at con!>Lant potential is given by th~ 

l"u llowi ng relation !Ammar & Darwish (1967) anti Fisher (1960)1 

-0.2 

-0.3 

- -0.4 

> -0.5 -- l.U nul r' I·K.1 
- -- l:d O'"nl.ll r' 

---1>- 5x l0'"nnl r' 
-0.6 --....- ,,111'\ml r' 

--5,111 'm.>ll' 

-0.7 
-+-hl!l"'orl.lll' 

-+- s~w·null: 

-6 -5 -4 2 -3 -2 -1 
log i. A/ern 

Fig.6. Pot~ntiooynrunic p.Jiruizruion curves tO.. the a>lTOSion of ~1ainl~ Strel ~ 3(}:1 in 1.0 JIDI 1"
1 

HC1 

in al.wxe and p~ of dilt\!rent coo;entrnlions of inhibitor (C) at 2S'C. 
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Table (4): Effect of concentrations of inhibitors A. 8 and Con the electrochemical 
parameters of stainless steel type 304 in 1.0 mol 1"1 HCI at 25°C. 

A 

8 

c 

[lnh.] 

mol r 1 
-Eoc 
mY 

I.OM IICI ,137.5 4-19 199.1 

lx I()"<> 425.3 446 193.5 

Sx I o·u 400.6 427 I 04.5 

81.09 

44.85 

20.88 

18.86 

lx I 0'5 

5x I o·5 

I xI()"" 

5x I o·' 
I xl o·~> 

5x I o·'· 
I X I ()"5 

Sx I()'' 

I .'( I (). I 

5 .''\ I () I 

l xl()"" 

Sx 1 o·h 

1x 1 o·5 

5x I o·5 

I xl o·.~ 

5x I o· 1 

392.5 423 

373.6 392 

367.5 377 

329.-1 370 

423.9 436 

384.5 427 

388.6 -11.:1 

392 

I l 5.9 

96.57 

51.38 

25.<1-1 

35(>.2 36--1 19.27 

-100.2 -125 83.21 

3!{6.1 -102 -19.00 

374.5 392.6 25.53 

331.2 

3<16.6 

328.7 

370 

355 

338 

18.36 

15.08 

12.64 

-p,, P •• 
mVdec· mY 

dec·' 

126A 94.0 

I 21.4 82.3 

117.5 68.1 

11 5.1 63 . 1 

Rp 
ohm em 

C.R. 
mm 

·I yr 

11 7.6 2.311 

I l 0. 1 2.246 

179.1 1.2 13 

218.4 0.941 

114.4 53. 1 351.3 0.521 

107.2 47.6 685. --l 0.242 

106.7 46 .2 742 .3 0.2 19 

11 7.7 76.7 174.0 1.345 

116.3 75.9 206.5 1. 121 

II 0.0 62.5 336.8 0.596 

102.0 52.7 593.5 0.295 

11-1 .5 50.3 660.0 0.267 

11.3.6 --1 6.:{ 747.5 0.224 

11 1.4 76.8 237.2 0.966 

113.5 57.5 3.38.0 0.569 

I 02.0 44.9 530.2 0.296 

107.9 43.7 735.9 0.213 

119.4 46. 1 957.6 0.1 75 

129.8 49.4 1230.0 0.1.:17 

8 = ll- (Rp/ Rpinh)] ( 15) 
where icorr and icurrtlllhJ are the corrosion current densities of uninhibited 
and inhibited solutions. respectively. Rp and RPinh are the polarization 
resistance of uninhibited and inhibited experiments, respectively. The 
percentage of inhibition efficiency, IE% at each concentration was 
calculated using the equation: 
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IE% = (l- Rp/ Rp;nh) xlOO ( 16) 
The percentage inhibition efficiencies (IE% calculated from icorr 

and lE% calculated from Rp) of the investigated compounds are given in 
Table (5). An inspection ofthe results obtained from Table (5, 6) reveals 
that, the presence of different concentrations of the additive compounds 
reduce the anodic and cathodic current densities, and the suppression in 
current increases as the inhibitor concentration increases, this indicate 
that the inhibiting effects of the investigated compounds. 

Table (5 ): The inhibition efficiencies of different concentrations of inh ib itors A, 8 
and C for the corrosion of stain less steel type 304 in 1.0 mol 1"1 HCl at 
~S"C as obrained from potentiodynam ic polarization measurements. 

Inhib itor Compound(/\) Compound (13} Compound (C) 
Cone. 

IE%. IE%. IE%. 
1110 l I" IE%, Rp IE%. Rp IE%, RP 

l~,:orr l, orr lcorr 

lxl o·" 2.8 -6.8 41.8 32.4 58.2 50.4 

5xl0"" 47.5 34.3 51.5 43. I 75.4 65.2 

I xI 0"5 59.3 46.2 74.2 65.1 87.2 77.8 

5x I o·' 77.5 66.5 80.6 72A 90.8 84.0 

1 x 1 o·' 89.5 82.8 88.5 82.2 92.4 87.7 

5x I o·' 90.5 84.2 90.3 84.3 93.7 90.4 

1·11~ slight shirts of E~,·rr values towards less negative direction are 
tound in the prcst:ncc of various con~entrations of these compounds in 
1.0 M HCI. Generally. increase in inhibitor concentration shifts corrosion 
potential to less negative values. This can be explained by a small 
domination or the anodic reaction inhibition !Stupnisck-Lisac et a/., 
(2002)J. However, these compounds influence the cathodic reaction at 
potentials greater than the desorption potential. This indicates that these 
compounds exhibit both anodic and cathodic inhibition effects. Small 
changes in potentials can be a result of the competition of the anodic and 
the cathodic inhibiting reactions, and of the metal surface condition [g]. 
Meanwhile, from Table 4, the slopes of the cathodic Tafel lines We) and 
anodic Tafel lines Wa) are observed to change with ad~i~!on of inhibitors, 
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which indicates inlluence on both the cathodic and anodic reactions, the 
cathodic curves arc more affected. Thus these inhibitors act as mixed 
type inhibitors for stainless steel in 1.0 M 1-ICI. The %IE was found to 
increilse with increasing the inhibitor concentration. The inhibition 
achieved by these compounds decreases in the following otder: 

Compound C > Compound B > Compound A 

T.ablc (6): [ffect of addition of different concentrations of KI with I xI o·6 mol 
1"1 of inhibitors A. 13 and C on the electrochemical parameters of 
stainless steel type 304 in I 0 mol 1"1 HCI at 25°C 

l... 

-P c p,, Rp C.R. 9 Cone -Coc -E<otr 
lcorr ·-..c of Kl ~LA mV mV ohm mm ·- mV mV ~ .1 d ·I dec·ll ·I 

~ (mol r') em- ec em yr -
- 425.3 --146.3 193.5 121 82 110.1 2.246 

l.x I()' I 3-17.~ 380.9 77.66 119 90 288.7 0.902 
,\ 

h ll)'' .)07.(> 3 .15 . ~ 23 .6 1 116 77 853.7 0.274 

' ·' 1 o·
2 2 · 1:) . 1) .~ 16.1) 17.12 128 82 1263.0 0.199 

- 423.1) 1:\6.0 I 15.9 118 I ll 174.0 1.345 

1.\ I()'~ 353.9 380.5 49.13 110 82 380.1 0.570 
l3 

I x I o·l 312.7 346.7 21.--14 118 85 891.2 0.249 

lxl0'1 242.8 318.1 16.24 127 120 1309.0 0.188 

- -100.2 -124.8 83.21 Ill 77 237.2 0.966 

l x l0"1 357.8 382.8 43.68 Ill 62 395 .3 0.507 
c 

I xl o·' 317.3 J.:J8 .~ 17.50 115 55 924.4 0.203 

1 x 1 o·1 276.2 ., ") ') ., .) __ . .) 14.63 128 67 1305.0 0.170 

3.2.1. Synergistic effect 
The increase in inhibition efficiency of organic compounds in the 
presence 1>r som~ anit)ns has been ubse1Yed by several investigators 
ll ' morcn el a!., (2006); Umorcn & Ebcnso (2007); Oguzic & Ebcnso 
(2006) and Comma ( 1998)j and was ascribed to synergistic effect. Trials 
t\l enhance the performance of the used inhibitors by addition of Kl were 
(~nTi~..'d out using potentiodynamic measurements. Figs. 7. shows 
p~ltctllitld~ .. namic polarization curves for stainless steel type 304 in I .OM 
I w•tn the absence and presence of l:d0-6M of compound C without and 

'• 
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with different concentrations ( lx l04
, l xl0-3, lxl0-2M) of KI at 25°C. 

The obtained electrochemical values (Eoc, Ecorr, icorr, ~c , ~a and Rp) are 
shown in Table (6). The calculated inhibition efficiency values are shown 
in Table (7). Results shown in the Tables revealed that the presence of 
different concentrations of KI enhances the reduction of icorr values for 
stainless steel in ! .OM HCI and the reduction in the rate increases with 
increasing the concentration of KI indicating that addition of KI increases 
the inhibiting action or the investigated inhibitors. 
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--
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-lx l!f 'onoll' f.: I 

- 1\ IO'olloll'' K l 
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Th<.:: order ol· in<.: rcasing inhibition t:fficiency for the investigated 
inhibitors in the presence of 1 xI o·2M KI and in case of constant 
concentration from the investigated inhibitors with different 
concentration of KI Cor stainless steel in l .OM HCl is as follow: 
Compound C > compound B >compound A. 
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Table (7) : Effect of addition of different concentrations of KI on the 
inhibition efficiency of I X 1 o-6 mol r' of inhibitors A, B and c for 
the corros ion of stainless steel type 304 in J .0 mol r' HCI at 25°C. 

Cone of 
304SS 

Kl Compound (A) Compound (B) . . ·.C6mpound' (C) 

(m~ll" 1 ) IE%, icorr IE%, Rp IE%, icorr IE%, RP IE%, icorr IE%, Rp 

- 2.8 -6.8 41.8 32.4 58.2 50.4 

lxlo·~ 61.0 59.3 75.3 69.1 78.1 70.3 

1 x 1 o·' 88.1 86.2 89.2 86.8 91.2 87.3 

I xI 0·2 91.4 90.7 91.8 91.0 92.7 91 .0 

3.2.2. Anoujc polarization measurements (pitting corros ion) 
NaCI [s one of the most common materials used in pitting 

corrosion for some metals such as stainless steel. The polarization curves 
for stainless steel type 304 in different concentrations of NaCl solution 
are shown in Fig. 8. The scans have the same general features and 
characterized by the appearance of active. passive and transpassive 
regions before oxygen evolution. The passivation current (ipass) decreases 
over extending a wide range of potential due to formation of the passive 
layer on the Stanly surface. After the corrosion potential (zero current), 
the anodic current density starts to increase to form the active region. The 
increase of the potential in the positive direction leads to increasing of 
the anodic current. which corresponds to the oxidation of iron to iron 
ions. With increasing the potential a passive lilm [Fe (01-1)2, Fe30-1 and/or 
Fe20 .1] <.:an form [Pourbaix (1974)1. 

The addition o~· di!Tcrcnt concentrations ti·om compound (C) to 
0.1 M NaCl solut ion forth~ corrosion of stainless steel type 304 increases 
the breakdown potential towards more positive values (Figs. 9), i.e. 
inhibits pitting corrosion of the stainless steels. Fig. l 0. shows the 
relation between Ep11 and the inhibitors concentrations for 304 stainless 
steel. a straight line obtained according to the following equation: 

Epit =a'+ b' log [inh.] (17) 
Symbols a' and b' are constants. The increase of the inhibitors 

concentration increases the pitting potential to more positive values, i:e. 
decreases the pitting corrosion. The adsorption of the inhibitors on the 
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stainless steels surfaces can prevent the adsorption of Cl IOn (which is 
responsible for pitting corrosion). 
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3.3. Electrochemical Impedance Spectroscopy (EIS) 
The corrosion of stainless steel type 304 in 1 M HCI in the 

presence of investigated compounds was investigated by EIS method at 
25°C after 20 min immersion. Nyquist and Bode plots in the absence and 
presence of investigated compound (C) are presented in Figs. ll ami 12. 
,Similar curves were. bbtain.ed for ot~er i.nh~bitors. it is apparent' that ~11 
Nyquist plots' show ·a sing•e capacitive loop, both in uninhibited and 
inhibited solutions. The impedance data of stainless steel in 1.0 M HCI 
are analyzed in terms of an equivalent circuit model (Fig. 13) which 
includes the solution resistance Rs or Rn and the double layer capacitance 
Cd1 which is placed in paral lel to the charge transfer resistance Rcr 
(Sekinc et a/., (1992)] due to the charge transfer reaction. For the 
Nyquist plots it's obvious that low frequency data arc on the right side of 
the plot and higher frequencies are on the left. This is true for EIS data 
·where impedance usually falls as frequency rises (this is not true of all 
circuits). 
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The capacity of double layer (Cct~) can be calculated from the 
following equation 

(18) 

where ~na ~ is maximum freql.tency. 

Th~ parameters obtained from impedance measurements are 
given in Table (8). [t can see from Table 8 that the values of charge 
transfer resistance increase with inhibitor concentration [Larahi et a/., 
(2006)J. ln the cast: o f impedance studies. IE% increases with inhibitor 
conc~.:ntration in the pn:scncc o l· investigated inhibitors and the IE% of 
these investigated inhibitors is as !'allows: Compound C >compound B > 
compound /\. .. The impedance study confirms the inhibiting characters of 
these compounds obtained with weight loss and potentiodynamic 
polarization methods. lt is also noted that the (Cll) values tend to 
decrease when the concentration of these compounds increases. This 
decrease in (CJI), which can result t!·om a decrease in local dielectric 
constant and/or an increase in the thickness of the electrical double layer. 
suggests that these compotmds molecules function by adsorption at the 
metal/solution interface [Lagrcnce eta/., (2002)). 

The inhibiting effect of these compounds can be attributed to their 
parallel adsorption at the metal solution interface. The parallel adsorption 
is owing to the presence of one or more active center for adsorption. The 
chemisorption takes place by the formation of a chemical bond between 
the metal and the adsorbed molecule. Chemisorption involves charge or 
charge transfer from inhibitor molecule to the metal surface forming co
ordinate type bond [Khamis eta/., (1991)]. 
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Table (8): Electrochemical kinetic parameters obtained by EIS technique for 
the corrosion of stainless stee.J type 304 in 1.0 mol r1 HCI at different 
concentrations of inhibitors A, Band Cat 25°C. 

~nhibitor 
Cone cdl -Phase Rp 

9 IE% 
(moll'1') (~F cm-2

) (degree) ·· (ohm) 

1.0 mol 
71.35 71.3 234.6 1'1 HCI 

Sx I 0'6 73.07 72.0 333.5 0.297 29.7 
A 1 x 1 o-5 71 .04 71.4 349.8 0.329 32.9 

Sx 10·5 55. 18 73.3 683.1 0.657 65.7 

5xl0-·1 44.68 75.0 991.5 0.763 76.3 

5xl0"6 72.99 70.1 417.5 0.438 43.8 

8 
Ix 10·5 68.24 70.3 425.9 0.449 44.9 

5x 10"5 46.55 75.2 779.3 0.699 - 69.9 

5xl0"1 38.94 76.8 965.9 0.757 75.7 
Sx 10·{) 72.06 71.6 430.6 0.455 45.5 
1 x 1 o-s 58.12 73.5 628.0 0.626 62.6 

c Sx 1 o-5 4 1.81 75.2 1216.0 0.807 80.7 

Sx 1 0"1 36.68 77.0 1404.0 0.833 83.3 

3.4. Mechanism of inhibition 
Many organic compounds with at least one polar unit containing 

aloms of nitrogen, sull'ur oxygen are known to function as corrosion 
inhibitors. The polar unit is regarded as the reaction centre for the 
adsorption process. In such a case the adsorption bond strength is 
determined by the electron density on the atom acting as the reaction 
centre and by polarisability of the unit. Thus, polar organic compounds 
acting as conosion inhibitors are adsorbed on the surface of the metal, 
forming a charge transfer complex between their polar atoms and the 
metaL The size, shape and orientation of the molecule and the electronic 
charge on the molecule determine the degree of adsorption and hence the 
effectiveness of the· inhibitor. 

The investigated inhibitors confer high protection to stainless 
steels corrosion in l_.OM HC1 and function through adsorption on. the 
metal surface following Langmuir isotherm. The obtained results by 
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weight loss, potentiodynamic polarization and electrochemical 
impedance spectroscopy (EIS) techniques indicate that the extent of 
corrosion inhibition of the investigated compounds followed the 
following order: C > B > A. It can be explained on the basis of 
adsorption. It is apparent from the molecular structure that, these 
compounds canrb~ adsorbed on the metal sur(ace through the ·lone pair of 
electrons of oxygen and/or nitrogen and/or sulfur atdms and delocalized 
0 -electrons of benzene ring. The difference in the inhibition efficiencies 
can be explained on the basis of the type and the number of hetero atoms 
in the cavity of these compounds. Also the inhibition efficiency values 
can be explained on the basis of the molecular weight, compound (C) 
exhibits excellent inhibition efficiency due to its molecular weigh 
(667 .65) that may faci litate better surface coverage. Compound (B) 
comes after compound (C) in inhibition efficiency because it has lesser 
molecular weight (546.58). Compound (A) has the lowest inhibition 
efficiency: this is because it has the lowest molecular weight (5 17.02) 
and has no aromatic ring . 

.:l. CONCLUSIONS 

3-thiazinonyl-bicyclo [4.2.0]oc tene-carboxylate derivatives have 
proved to be environmentally-friendly corrosion inhibitors for corrosion 
of stainless steel type 304 in 1.0 M HCI solution. These inhibitors act as 
mixed type inhibitors but the anode is more polarized when an external 
current was applied and fE% was found to increase by increasing the 
inhibitor concentration and decrease with rising the temperature. The 
lE% obtained from electrochemical impedance spectroscopy and 
potenti.odynamic polarization measurements show good agreement with 
those obtained from weight loss experiments. 

Th(: inhibition of stainless steel type 304 in !.OM HCl solution 
was fot~nd to obey Langmuir adsorption isotherm. The thermodynamic 
values obtained from this study indicate that the presence of the 
inhibitors incrca~es the activation energy and the negative values of 
6G0

a<ts indicate spontaneous adsorption of the inhibitors on the surface of 
the steel. 
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