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ABSTRACT 

The inhibiting action of some thiourea derivatives as 
corrosion inhibitors for C- steel in 2 M HCI have been studied 
using potentiodynamic polarization, and electrochemical 
impedance spectroscopy (EIS) techniques. Polarization studies 
were carried out at room temperature, and showed that all the 
compounds studied are mixed type inhibitors. The effect of 
temperature on corrosion inhibition has been studied and the 
thermodynamic activation and adsorption parameters were 
calculated to elaborate the mechanism of corrosion inhibition. 
Electrochemical impedance was used to investigate the 
mechanism of corrosion inhibition. The presence of these 
compounds in the solution decreases the double layer 
capacitance and increases the charge transfer resistance. The 
adsorption of these compounds on C-steel surface was found 
to obey Temkin's adsorptior. ;sotherrn. The synergistic effect 
brought about by combination of the inhibitors and KSCN, KI 
and KBr was examined and explained. The mechanism of 
inhibition process was discussed. 
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INTRODUCTION 

Acid solutions are widely used in industry, the most important fields of 
appiication being acid pickling, industriai acid cleaning, acid decaling and oil well 
acidizing. Because of the general aggressivity of acid solutions, inhibitors are 
commonly used to reduce the corrosive attack on metallic materials. Most of the well
known acid inhibitors are organic compounds containing N, 0 , P, S and aromatic ring 
or triple bonds. It was reported before that the inhibition efficiency decreases in the 
order: 0 < N < S < P {Babu et aL, (2005); Fouda et aL, (2005);Yurchenko et aL, 
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(2006) ;Hossain et al, (2006)]. In general, organic compounds are effective inhibitors 
of aqueous corrosion of many metals and alloys. The use of chemical inhibitors to 
decrease the rate of corrosion processes of carbon steels is quite varied [Abd El
Wahaab et aL, (2007);Muralidharan et aL, (2006); Quraishi et aL, (1996); Bentiss et 
aL, (2001); Sabin el aL, (2003)]. A variety of organic compounds containing 
heteroatoms such as 0, N, S and multiple bonds in their molecule are of particular 
interest as they give better inhibition efficiency than those containing N or S alone 
[Lebrini et aL, (2006);Lebrini et aL, (2007)}. Sulfur and/or nitrogen containing 
heterocyclic compounds with various substiruents are considered to be effective 
corrosion inhibitors. Hydrazide derivatives offer special affinity to inhibit corrosion of 
metals in acid solutions (Abd El-Hamid el aL, (2004); Tsuru et aL, (1978); Mohamed 
et aL, (2000);EJ-Ouafi et aL, (2002)]. Azoles have been intensively investigated as 
effective steel corrosion (Aramaki et al, (1987);Larabi et aL, (2004);Aramak.i et al., 
(1987);0choa et aL, (2004); Bentiss et aL, (2002); Aramaki et aL, (1969) ]. The aim 
of the present work is to study the inhibition efficiency of the new synthesized thiourea 
derivatives on the corrosion of C-steel in 2 M HCI solution using electrochemical 
techniques. Previously, some thiourea compounds were used as corrosion inhibitors for 
some metals and alloys (S.M.A. Hosseini et aL, (2009); A. A. Khadom et aL, (2009) 
A.M. Fekry et aL,(2010)]. 

EXPERIMENTAL TEQNIQUES 

2 M HCl solutions were prepared from an analytical reagent grade of HCI 98% 
and hi-distilled water and were used as corrosive media in this study. All the 
experiments were performed at 298 ± I K with C- steel samples containing (weight%): 
0.200% C, 0.350% Mn, 0.024% P, 0.003% Si and the remainder iron. The inhibitors 
were synthesized in the laboratory [Abd El-Hamid et aL, (2004)] by reacting 
equimolecular mixture of the respective phenol derivative and thiourea derivative in 100 
ml boiling ethanol. The mixture was ref!uxed on water bath for 2-6 hrs and the solution 
was evaporated to about its half volume, left to cool where crystals were separated out. 
These were filtered off, recrystallized from ethanol and finally dried in vacuum 
desiccator over anhydrous CaCI2. The compound strucrures were confirmed by 
elemental analysis and IR and nuclear magnetic resonance (NMR) spectroscopy. The 
investigated thiourea derivatives are: 
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Mol. 
Compound Structure Name Formula 

Mol. Wt 

HN-o-OCH3 Ct4Ht4N20S NH{ 1-( 4-methoxyphenyl)-
1 6s 258.34 )-phenylthiourea 

HN-o-CH 1-phenyl-3-p-
Ct4Ht4N2S NH-{ tolylthiourea 

2 6s 242.34 

HN-Q-sr 
NH-{_ I-( 4-bromophenyl)-3- C13H11 BrN2S 

3 6 5 phenylthiourea 
307.21 

HN-o-Cl 
NH-{_ 1-( 4-chlorophenyl)-3- Ct3HttClN2S 

4 65 phenylthiourea 
262.76 

NH2 
NH~ C1HsN2S 

5 6s !-phenylthiourea 
152.22 

1. Potentiodynamic polarization method: 

Electrochemical polarization experiments were carried out in a glass cell 
with a capacity of 250 ml. A platinum electrode and a saturated calomel electrode 
(SCE) were used as a counter electrode and a reference electrode, respectively. The 
working electrode was in the form of a disc with an exposed area of 0.12 cm2 that was 
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cut from C- steel under investigation. A time interval of about 30 minutes was given for 
the system potentiodynamic to attain a steady state and the open circuit potential (OCP) 
was noted. Both cathodic and anodic polarization curves were recorded at 300 mY 
±OCP and scan rate of2 mV s·I. 

%IE was calculated using the equation: 

%IE= 
icorr - i'corr 

icorr 
X 100 (I) 

where: icorr and i'corr are the corrosion current densities in the absence and 
presence ofthe inhibitors, respectively. 

2. Electrochemical impedance spectroscopy (EIS) .method 

EIS experimenl were conducted at 303 ::!:I K at the OCP over a frequency 
range of l kHz to l Hz, with a signal amplitude perturbation of 10 mV using IM6e 
system (Zahner Elektrik, Germany) and personal computer. Nyquist plots were obtained 
from the results ofthese experiments. Values of the charge transfer resistance (RcJ were 
obtained from these plots by determining the difference in the values of impedance at 
low and pigh frequencies, as suggested by Tsuru et al [Tsuru et a/.(1978)J.Values of the 
double layer capacitance (C<U) were calculated from the frequency at which the 
impedance imaginary component (-Z") was maximum, using the following equation: 

f(-Z"ma;:) = 2../"' R 
m_,dl ct 

(2) 

% IE was calculated using the equation: 

% IE = (1/R 'ct) - (1/Rct) X 1 00 
0 

(1/R'ct) 
(3) 

where: R'ct and Rc1 are the charge transfer resistance values in the absence and presence 
ofthe inhibitors, respectively. 

RESULTS 

1. Potentiodynaroic polarization: 

Potentiodynamic anodic and cathodic polarizations were carried out in unstirred 
2 M HCI solution in the absence and presence of various concentrations of the inhibitors 
(l-5) at 303 Kover potential range 300 mV ::1: OCP. The results are represented in Fig. 
(1) for compound (1), similar behaviors were obtained for other compounds. T he 
obtained corrosion parameters are given in Table (1). These results indicate that the 
cathodic and anodic curves obtained exhibit Tafel-type behavior. Additionally, the form 
of these curves is very similar either in the cathodic or in the anodic side, which 
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indicates that the mechanisms of carbon steel dissolution and hydrogen reduction 
apparently remain unaltered in the presence of these additives. Addition of thiourea 
compounds decreased both the cathodic and anodic current densities and caused mainly 
parallel displacement to the more negative and positive values, respectively, i.e. the 
presence of thiourea derivatives in solution inhibits both the hydrogen evolution and the 
anodic dissolution processes with overall shift of Eeorr to more negative values with 
respect to the OCP , this indicates that thiourea compounds acts as cathodic inhibitors. 

The results also show that the slopes of the anodic and the cathodic Tafel 
slopes (J3. and J3c) were slightly changed on increasing the concentration of the tested 
compounds. This indicates that there is no change of the mechanism of inhibition in 
presence and absence of inhibitors. The fact that the values of J3e are slightly higher than 
the values of J3a suggesting a cathodic action of the inhibitor. This could be interpreted 
as an action of mixed inhibitor control over the electrochemical semi-reactions. This 
means that the thiourea derivatives are mixed type inhibitors, but the cathode is more 
preferentially polarized than the anode. The higher values of Tafel slope can be 
attributed to surface kinetic process rather the diffusion-controlled process [Mohamed 
et at,. (2000)]. The constancy and the parallel of cathodic slope obtained from the 
electrochemical measurements indicate that the hydrogen evolution reaction was 
activation controlled (EI-Ouafi et aL, (2002)] and the addition of these derivat ives did 
not modify the mechanism of this process. This result suggests that the inhibition mode 
of the thiourea derivatives used was by simple blockage of the surface by adsorption. 
The order of decreased inhibition efficiency for the additives is: 

1> 2 > 3 > 4> 5 

-•-lluol .. ' -·-1 I tt""• _ .. _,., .... 
-·-) l ,, •• 

-•-7t:lt .. llf _ .. _,. ,, .. . 
_ .. _, , .1. .. .. . 

t 
~ .... 
t ... 

,., 

·O.P 

log I, Alr.m • 

Fig.( I) Potentiodynamic polarization curve of carbon steel in 2 M HCI in the absence 
and presence of different concentrations of compound 1 at 30 °C. 
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Table (1): Corrosion parameters obtained from potentiodynamic polarization of C-steel 
in 2M HCI containing various concentrations of inhibitors at 30 °C 

Cone., 
-E, • .,., ie(lrT % ~( ~. Rp % 

Comp x106 M 
mVvs.set: mA cm"2 e 

IE•cor mVdec·1 mVdec'1 !lcm1 IERp 

Blank 0.0 468 9.207 - -· 306 270 8.943 -
1 555 8.416 0.082 8.2 158 151 7.106 8.1 

3 548 7.306 0.206 20.6 163 133 6.902 22.8 

5 545 5.974 0.351 35.1 149 158 5.703 36.2 
1 

7 537 5.401 0.413 41.3 154 121 5.302 40.7 

9 533 4.683 0.491 49.1 135 119 4.603 48.5 

II 532 1.529 0.833 83.3 131 103 1.308 85.3 

I 551 8.753 0.054 5.4 164 143 8.282 7.3 

3 549 7.914 0.140 14.0 160 128 7.436 16.8 

5 549 6.579 0.255 25.5 163 126 6.091 31.8 
2 

7 545 5.671 0.384 38.4 )54 128 5.236 41.4 

9 542 4.938 0.463 46.3 130 121 4.662 47.8 

11 522 3. 149 0.658 65.8 129 103 1.894 78.8 

1 552 8.896 0.033 3.3 171 143 8.442 5.6 

3 544 7.996 0.13 1 13.1 166 147 7.536 1:5.7 

5 541 6.714 0.270 27.0 160 136 6.294 29.6 
3 7 548 5.763 0.374 37.4 !57 129 5.493 38.5 

9 553 5.038 0.452 45.2 140 11 9 4.716 47.2 

11 537 4.617 0.498 49.8 143 107 4.287 52.0 

1 541 8.999 0.022 2.2 !58 166 7.504 1.6 

3 542 7.996 0.131 13.1 \61 141 7.563 15.4 

5 552 6.748 0.267 26.7 147 138 6.321 29.3 
4 

7 543 5.873 0.362 36.2 !53 127 5.603 37.3 

9 547 5.11 I 0.444 44.4 139 131 5.027 43.8 

II 542 4.691 0.490 49.0 150 129 4.462 50.1 

I 550 9.012 0.021 2.1 163 149 7.544 1.5 

3 549 8.079 0.122 12.2 160 137 7.593 15.0 

5 548 7.803 0.152 15.2 165 131 6.706 25.0 
5 

7 544 6.889 0.251 25.1 158 125 5.889 34.1 

9 550 6.416 0. 303 30.3 137 114 5.103 42.9 

11 527 5.036 0.453 45.3 134 102 4.548 49.1 
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1.1. Synergistic effect : 

The effect of addition l xl0-2 M KSCN, KI and KBr on the corrosion rate ofC- steel in 
the absence and presence of different concentrations of inhibitors ( 1-5) in 2M HCI 
solutions was investigated using potentiodynamic polarization method. Results of% IE 
ofKI obtained are summarized in Table 2. It was observed from these results that these 
additives improved the% IE significantly. The interactions of these additives with the 
inhibitor molecules can be described by introduction of the synergistic parameter (S9) 

which is defined-as [Aramaki et al., (1987)]: 

where: Elt+2 = (Elt + 92)- (9 192) 
el =the degree of surface coverage by the anions 
El2 ==the degree of surface coverage by the cations 

(4) 

El'1• 2 = measured surface coverage by both anions and cations. 
S8 approaches 1 when no interaction between the inhibitor compounds exists, while Se > 
1 points to a synergistic effect. In the case of Se < 1, the antagonistic interaction 
prevails. 

Plot of synergism parameter Sa vs. concentration of inhibitor of compound (1) with 
addition of Kl is given in fig.(2) and values of Se summarized in Table (3) are more 
than unity, suggesting that the phenomenon of synergism exists between the inhibitors 
and these additives used. Aramaki [Larabi et al., (2004); Aramaki et al.,(1987)] has 
proposed two kinds of joint adsorption (competitive and cooperative) to explain the 
synergistic action observed between an anion and a cation [Ochoa et a1.,(2004)]. For 
competitive adsorption, the anion and cation are adsorbed at different sites on the 
electrode surface and for cooperative adsorption, the anion is chemisorbed on the 
surface and the cation is adsorbed on the layer of the anions. The two types of 
adsorption are represented schematically :n following Fig. and can be characterized by a 

synergistic factor (Sa) calculated . o: 
..... 
X' 

c:: o..o <1) 

a~ 
UC/) 

(a) b) 
Schematic representations of (a) competitive and (b) cooperative adsorption of the 
anions (x-) and cations (A} on carbon steel surface in acid solutions. 
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Table (2) : Corrosion parameters obtained from potentiodynamic polarization of carbon 
steel in 2 M HCI containing various concentrations of inhibitor in the presence of 1 x 
10-2 M KI at 30 °C. 

Coo c., ·E.., !_, 
% ~. ll. R, % Comp mAcm· 9 x!O'M mVvsSCE l IE ... , mY dec·• mVdec·• n cm1 IE•• 

Blaok 0.0 468 9.207 - - 306 270 8.943 -
I 544 8.302 0.098 9.8 160 142 7.043 21.2 

3 547 7.216 0.216 21.6 162 140 6.779 24.1 

5 546 5.906 0.358 35.8 143 159 5.199 37.3 
I 

7 539 '-299 0.424 42.4 ISO 121 5.306 41.8 

9 536 4.399 0.522 S2.2 137 126 4.499 49.6 

11 S3S 1.013 0.889 88.9 129 108 0.861 90.3 

I SSt 8.317 0.096 9.6 163 149 7.049 21.1 

3 5.SO 7.249 0.211 21.2 160 137 6.801 23.9 

.l 5-19 5.9 11 0,357 3.l.7 l .l9 Ill 5.603 37.3 
2 

7 545 5.302 0.442 42.4 1S2 128 5.20? 41.7 

9 5.l l 4.401 0.521 52.1 IJJ ll.l 4.502 49.6 

II 532 1.0% 0.830 88.0 Ill 102 0.879 90.1 

I Hl 8.337 0.094 9.4 171 142 7.0.l3 21.1 

3 542 7 263 0.211 21.1 167 139 6.842 23.4 

s 542 5.948 0.353 35.3 153 125 5.624 37.1 

3 7 546 5.346 0.419 41.9 157 127 5.229 4U 

9 556 4.423 0.519 51.9 129 114 4.531 5249.2 

11 538 31.102 0.830 88.0 141 109 0.893 90.0 

I 544 8.352 0.098 9.8 156 162 7.064 21.0 

J 546 7.299 0207 20.7 163 134 6.873 23. 1 

5 ,8 .l.978 O.J.lO l.l.O 145 135 .l.667 36.6 
4 

1 541 5.377 0.415 41.5 lSI 121 .5.218 40.9 

9 .l47 4.467 0.514 51.4 137 122 4.570 48.8 

I I 547 1.167 0.813 87.3 147 Ill 0.901 89.9 

I 552 8.367 0.091 9.1 162 151 7 081 20.8 

3 .l47 7.316 0.205 20.5 160 138 6.899 22.8 

.l 552 6.001 0.348 34.8 163 131 5.693 36.3 
5 

7 548 5.398 0.413 41.3 t.l9 127 5.294 40.8 

9 546 4.489 0.512 51.2 129 liS 4.587 48.7 

II 519 1.197 0.&69 86.9 137 !04 0.93S 89 . .l 
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The synergistic inhibitive effect brought about by combination of the inhibitors 
with KSCN, KI and KBr for the corrosion of C- steel in I M HCI can be explained as 
follows: The strong chemisorption of x- ions (SC~, I- or Br) on the metal surface is 
responsible for the synergistic effect of these ions, in attraction with protonated inhibitor 
[Aramaki et al.,(l987)]. x- ions are adsorbed on the anodic sites on the metal surface. 
Surface charge is changed to negative by the specific adsorption of these ions resulting 
in the joint adsorption of anions with the inhibitor cations. The inhibitors are believed to 
be adsorbable, not only on the cathodic sites by coulombic attraction using the charge of 
the protonated molecule, but als0 on the anodic sites by virtue of donation of the 
electron-pair on the nitrogen atom ofthe unprotonated molecule (Aramaki et a1.,(1969)] 
therefore, interference adsorption can take place at the anodic sites. 

Table( 3) : Synergism parameter (S9) for different concentrations of investigated 
compounds for carbon steel dissolution in 2 M HCl with addition of I x 1 o·2 M KI at 3 0 
oc. 

Cone., Synergism parameter (Se) 

M (1) (2) (3) (4) (5) 

IxJ0-6 1.0 1.1 1.0 L1 1.0 

3xJ0-6 1.2 1.1 1.1 1.1 1.1 

5xl0"6 1.1 1.0 1.3 1.2 1.0 

7xl0"6 1.3 1.0 1.0 1.0 1.2 

9xl0-6 1.2 1.0 1.1 1.0 1.0 

11 X J 0-6 1.2 1.2 1.2 1.3 1.1 

c ~:to ·•, M 
.lla. (l): Plott of symera:hm paramtttr (S.) ver.Jcu c:o ett• r •tloru of,DiaibltotJ fo r 

C·Steel dlnolutloo lo 1M BCI•It~ addltloo o( llJO"'M Klat lO'C. 

1.2. Adsorption isotherm : 

Assuming the corrosion inhibition was caused by the adsorption of thiourea 
derivatives, and the values of surface coverage for different concentrations of inhibitors 
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in 2 M HCI were evaluated from potentiodynamic polarization method using 
equation(!): 

From the values of (6), it can be seen that the values of (6) increased with 
increasing the concentration of thiourea derivatives. Using these values of surface 
coverage, one can utili.ze different adsorption isotherms to deal with experimental data. 
The Temkin adsorption isotherm was applied to investigate the adsorption mechanism, 
by plotting (6) Vs log C, and straight lines were obtained (Fig.3). On the other hand, it 
i.> found that Kinetic- thermodynamic model of [El-Awady et al ] which has the 
formula: 

Log (6/1 - 6) = log K' - y log C (5) 
Table (4): Inhibitor equilibrium constant (K), free energy of adsorption (~o·.c~s.) , 

n.umber of active sites (l/y) and the interaction parameter (a) for inhibitor additives at 
30°C 

Inhibitors Kinetic model Temkin 

1/y K 
-AG• •d., a K -Ac·.d5.• 
kJmor1 kJmor' 

(1) 3.04 0.899 59.2 13.99 71.0 62.0 

(2) 3.21 0.858 57.8 13.03 66.3 6!.9 

(3) 3.07 0.676 53.4 12.96 16.2 51.8 

(4) 2.03 0.601 51.3 12.67 3.03 38.0 

(5) 2.12 0.443 47.2 12.34 2.02 32.1 

R 1• t.t71 

o .e 
R'-t.HI 

0 .7 1l 1-t.'4' 

f o.e R J•t.tl1 

I 

! 0 .5 
R 1•D.~U 

0 .• 

0 . l 

2 .0 2 . 2 2 .4 2 , 8 l.O 

kl c , w 
rta. (J)l C •P•• " ' "•• er c•rrul•• •••• hr C·••nl f• l ;lot • Cl t. r r•••••• er ••nu e•t 

••••••u•ll••• •fl•~lll)(•u olrr••r••"'·•l u ,,.,._.,,.,.,,, •• h•r•.,.• u )f •c. 
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! 
Q 

r 

0.8 

0.6 

0,4 

0.2 

0.0 

-0.2 

2.0 2.2 2 .4 2 .6 2 .8 
loa C, M 

PJ11 . (4): Cwne flttla& o f corru loa dua for C·Stcel lo l M UCI ta prcuacc of 
diffuc1111 COtlett:~tratloas of lo!JIIbhon to c•c kloctlc tnodcl•t lO •c . 

21 

3.0 

is valid and verify the present adsorption data Fig.(4). The equilibrium constant of 
adsorption K = K'(11Y\ where 1/y is the number of the surface active sites occupied by 
one aldehyde molecule and Cis the bulk concentration of the inhibitor. 

The thermodynamic parameters for the adsorption process that were obtained from 
these Figures are shown in Table (4). The values of ~Gads are negative and increased as 
the % IE increased which indicate that these investigated compounds are strongly 
adsorbed on the C- steel surface and show the spontaneity of the adsorption process and 
stability of the adsorbed layer on the C-steel surface. Generally, values of ~Gads up to 
-20 kJ mol"1 are consistent with the electrostatic interaction between the charged 
molecules and the charged metal (physical adsorption) while those more negative than 
-40 kJ mor1 involve sharing or transfer of electrons from the inhibitor molecules to the 
metal surface to form a coordinate type of bond (chemisorptions) [Bensajjay et 
al.,(2003)]. The values of ~G.ds obtained were approximately equal to - 59.2 ± 1 kJ mor 
1
, indicating that the adso'rption mechanism ofthe thiourea derivatives on C- steel in 2M 

HCI solution involves both electrostatic adsorption and chemisorptions [Duan et 
a/.,(1990)]. The thermodynamic parameters point toward both physisorption (major 
contributor) and chemisorptions (minor contributor) of the inhibitors onto the metal 
surface. The Kac!s follow the same trend in the sense that large values of Kads imply 
better more efficient adsorption and hence better inhibition efficiency (Abd El-Rehim 
et a£,(2001)}. 
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1.3. Effect of temperature = 

Corrosion reactions are usually regarded as Arrhenius processes and the rate (k) can 
be expressed by the relation: 

Rate (k) =A exp (-Ea.IRT) (6) 

where: E. ( k J mor1)is the activation energy of the corrosion process R (8.134 J mor' 
K 1

) is the universal gas constant, T (K) is the absolute temperature and A is a Arrhenius 
pre-exponential constant depends on the metal type and electrolyte. Arrhenius plots of 
log k vs. lff for carbon steel in 2 M HCI in the absence and presence of 9 xl o·6 M 
concentration of inhibitors are shown graphically in Fig. (5). The variation of log k vs. 
l.'T is a linear one and the values of E. obtained are summarized in Table (5). These 
results suggest that the inhibitors are similar in the mechanism of action. The increase in 
E. with the addition of concentration of inhibitors (l-5) indicating that the energy 
barder for the corrosion reaction increases. It is a lso indicated that the whole process is 
controlled by surface reaction, s ince the activation energy of the corrosion process is 
over 20 kJ mor' (Al-Neami et a/.,(1995)]. 

Enthalpy and entropy of activation (6.H·, 6S") are calculated from transition state 
theory using the following equation [Haladky et al.,(l980)): 

Rate (k):: (RT!Nh) exp (llS./R) exp (-lllr*IRT) (7) 

where: h is Plank's constant, N is Avogadro's number. A plot of log kfT vs lff also 
gave straight lines as shown in Fig. (6) for carbon steel in 2 M HCI in the absence and 
presence of 9 x 10-6 M concentration of inhibitors. The slopes of these lines 
equai-6H"/2.303R and the intercept equal log RT/Nh + (6S"/2.303R) from which the 
value of 6H• and 6S• were calculated and tabulated in Table (5). From these results, it 
is clear that the presence of the tested compounds increased the activation energy values 
and consequently decreased the corrosion rate of the carbon steel. These results indicate 
that these tested compounds acted as inhibitors through increasing activation energy of 
c<.rbon steel dissolution by making a barrier to mass and charge transfer by their 
adsorption on carbon steel surface. The values of 6H' reflect: the strong adsorption of 
these compounds on carbon steel surface. The values of 6S' in absence and presence of 
the tested compounds are large and negative; this indicates that the activated complex in 
the rate-determining step represents an association rather than dissociation step, 
meaning that a decreases in disordering takes place on going from reactants to the 
activated complex and the activated molecules were in higher order state than that at the 
initial state [Abd El-Rehim et al., (1999); Fouda et al, (2006)]. 

··_ 
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Table (5): Activation parameters for the dissolution of carbon steel in 2 M H Cl acid 
solution in the absence and presence of9xl0"6 M of phenylthiourea derivatives 

.!J • '! .. 
' " w 
Jl 

lnhibitor 

Blank 

1 
2 

3 
4 
5 

· 1.6 

· 1.1 

.... 
· I.S' 

- 2 · ' 

- l.l 

· l.l 

• l.) 

-2.4 

• (IC.a\.) 
0 ( I ) . ()) 
0 () ) 
• !•l 
0 (S ) 

I 
J.l. 

Activation parameters 

Ea•, 

I kJ mor1 

42.4 

48.1 

47.9 

43.8 

42.2 
41.2 

J I 

ft',\ )x 11J, K • ) 20 

AH, 
kJ mor1 

40.01 

46.1 

44.2 

42.3 

41.0 
40.0 

I 
l.U 

I 

I 
J.)O 

-AS, 
J mo1"1K 1 

153.6 

135.4 

136.1 

145.8 

150.3 
152.8 

....... ,,.,, 

II.'···"'' 
t • .. . . . ,,., 

"·-.. ,,. 
...• ,,,1 

P l l (, ):l t l co r ro 1loa tt l t ( tl; ) Yt . J/ T for C •Jl•tt JD p r •l~" •~ • • t 9 X. Ct '•M C e• p• ••d •. 
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· 4 .0 

.. ' 
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2. Electrochemical Impedance Spectroscopy : 

24 

Impedance diagram (Nyquist) at frequencies ranging from 1Hz to 1 kHz with 10 
mV amplitude signal at OCP for carbon steel in 2M HCI in the absence and presence of 
different concentrations of compounds (l-5) are obtained. The equivalent circuit that 
describes our metal/electrolyte interface is shown in Fig. (7) where R., Ret and CPE 
refer to solution resistance, charge transfer resistance and constant phase element, 
respectively. EIS parameters and % IE were calculated and tabulated in Table 6. In 
order to correlate impedance and polarization methods, ic.orr values were obtained from 
polarization curves and Nyquist plots in the absence and presence of different 
concentrations of compounds (1-5) using the Stem-Geary equation: 

2.303 (~a+ ~c) Ret 
The obtained Nyquist plot for compound (I) is shown in Fig.(8) Each spectrum is 

characterized by a single full semicircle. The fact that impedance diagrams have an 
approximately semicircularappearance shows that the corrosion of carbon steel is 
controlled by a charge transfer process. Small distortion was observed in some 
diagrams, this distortion has been attributed to frequency dispersion (Mansfeld et aL, 
(1982)]. The diameters of the capacitive loop obtained increases in the presence of 
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thiourea derivatives, and were indicative of the degree of inhibition of the corrosion 
process (Mansfeld et aL, (1990)). 

Table (6) : Electrochemical kinetic parameters obtained from EIS technique for the 
corrosion of carbon steel in 2M HCJ at different concentrations of inhibitorl at 30 °C. 

Cone., cdh ~~~ 0 M JlF cm·2 ncm2 

Blank 98.02 19.03 ----
5 X }0'6 96.36 27.43 0.296 
7 x to-6 94.74 44 .77 0.569 
9 x to-6 90.03 85.03 0.773 

11 X }0'6 86.90 122.06 0.842 

R. 

cell 

Fig. (7) : Equivalent circuit of constant phase element (CPE). 
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Fig. (8). The Nyquist (a) and Bode (b) plots for corrosion of C-steel in 2M HCl in the 
absence and presence of different concentrations of compound (1) at 30°C. 

It was observed from the obtained EIS data that Ret increases and Cdl decreases 
with the increasing of inhibitor concentrations. The increase in Ret values, and 
consequently of inhibition efficiency, may be due to the gradual replacement of water 
molecules by the adsorption of the inhibitor molecules on the metal surface to form an 
adherent film on the metal surface. And this suggests that the coverage of the metal 
s:Irface by the film decreases the double layer thickness. Also, this decrease of Cdl at the 
metaVsolution interface with increasing the inhibitor concentration can result from a 
decrease in local dielectric constant which indicates that the inhibitors were adsorbed on 
the surface at both anodic and cathodic sites [McCafferty et aL, (1972)). 

The impedance data confirm the inhibition behavior of the inhibitors obtained with 
other techniques. From the data of Table (6), it can be seen that the icorr values decrease 
significantly in the presence of these additives and the % IE is greatly improved. The 
order of reduction in ieorr exactly correlates with that obtained from potentiostatic 
polarization studies. Moreover, the decrease in the values of ieorr follows the same order 
as that obtained for the values of Cdl· It can be concluded that the inhibition efficiency 
found from polarization curves, e lectrochemical impedance spectroscopy measurements 
and the Stern-Geary equation are in good agreement. 

3. Chemical-quantum calculations : 

Table (1) shows the energy ( in eV) of the highest occupied molecular orbital 
(HOMO) and the lowest unoccupied molecular orbital (LUMO) for inhibitors. It has 
been reported that the higher the HOMO energy (EHoMo) level of the inhibitor, the 
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greater is the ease of offering electrons to unoccupied d orbital of metallic iron and the 
greater the inhibition efficiency [Ogretir et al.,( l999)). The present results show that 
EHoMo and EwMo decrease in the order: 1 > 2 > 3 > 4 > 5 which is parallel to the order 
of inhibition efficiency. 

Table (7) The calculated quantum chemical properties for phenylthiourea 
compounds 

Quantum chemical 
Compounds 

parameters 
(1) (2) (3) (4) (5) 

- EeoMo (ev) 8.002 8.012 8.213 8.934 10.233 

- ELUl\IO (ev) 1.314 1.322 1.422 1.448 2.001 

AE (kcal mor1
) 6.688 6.690 6.791 7.486 8.232 

p. (Dipole moment) 3.025 4.223 6.043 9.025 11.014 

Molecular weight 254.28 238.28 303.15 258.7 148.16 

CORROSION INHIBITION MECHANISM 

From the previous results of v~ :ious experimental techniques used, it was 
concluded that thiourea derivatives (1-5) inhibit the corrosion of carbon steel in 2M HCI 
by adsorption at the metaVsolution interface. A skeletal representation of the proposed 
mode of adsorption of studied compounds is shown in Fig. (9) and clearly indicates the 
active adsorption centers. The adsorption of these inhibitors can be explained in the 
following manner: 

M+H30++e ~ HzO+MHacts 

(discharge step) where: M is the cathode metal surface, followed by either: 

MHads + MHads ~ 2M + Hzi 

Or MHads + H30+ + e --;,.... M + H20 +H2i 

(electrochemical desorption) 
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28 

Compound (3) 

Fig. (9): Skeletal representation of the proposed adsorption of the thiourea additives on 
C-steel surface 

Compound (I) exhibits excellent inhibition power due to: (i) the presence of p-OCH3 
group which is an electron donating group with negative Hammett constant (a= -0.27), 
Also this group will increase the electron charge density on the molecule, (ii) its larger 
molecular size that may facilitate better surface coverage, and (ii) its adsorption through 
three active centers . 

Compound (2) comes after compound (l) in inhibition efficiency due to: (i) its 
lower molecular size than compound (I), (ii) its adsorption through two active centers, 
and (iii) the presence of p-CH3 with low Hammett constant than p- OCH3 (a =-0.17) 
which is highly electron releasing group which enhance the delocalized rr-e!ectrons on 
the active centers of the compound. 

Compounds (3) and (4) come after compound (2) in percentage inhibition 
efficiencies. This is due to both p-Br and p-CI groups are electron withdrawing groups 
with positive Hammett constants (a 8 , = +0.23, a c1 =+0.23) and their order of 
inhibition depends on the magnitude of their withdrawing character. 

Compound (5) comes after compound (4) in inhibition efficiency inspite of it has 
three active centers, because it has lower molecular size than compound (4) and has no 
substituent in p-position which contributes no charge density to the molecule. 
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