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This paper presents an investigation of  the influence of  added organic compounds  on the electro- 
chemical behaviour of  the carbon steel (XC38) in stirred and aerated 3% NaCI. Steady-state and 
transient measurements have been made using a rotating disc electrode. The influence of  dodecyl 
sodium phosphate  (C~0H2~PO4Na2) and or thoaminothiophenol  (C6HTNS) have been studied. 
Results obtained allowed corrosion inhibition mechanism to be established. The nature of  the 
electrode process has been elucidated. 

1. Introduction 

Many studies have already been made on the cor- 
rosion and inhibition of steels in acid media. These 
have included measurements on the corrosion rate 
and the identification of the elementary processes 
involved. However, studies in neutral media are 
relatively few [1-4]. One reason is probably the 
formation, in this case, of insoluble corrosion products 
which adhere to the surface of the working electrode 
[5-8]. In this paper the effect of the surfactant dodecyl 
sodium phosphate on the corrosion mechanisms of 
carbon steel (XC38) has been studied. For com- 
parison, the influence of a non-surfactant, ortho- 
aminothiophenol, has also been investigated. This 
study is an extension of previous work on the influence 
of surfactant compounds on the corrosion of carbon 
steel (XC38) in 3% NaC1 [9]. 

2. Experimental details 

The various experimental procedures and conditions 
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are the same as those adopted in our previous paper 
[9]. 

3. Experimental results 

3.1. Carbon steel (J(C38) - 
3% NaCl + 5 x tO-2 M CloIt:lPO4Na2 

The effect of the addition of 5 x 10 -2 M dodecyl 
sodium phosphate on the response to potentiostatic 
cathodic polarization of the rotating carbon steel 
(XC38)-3% NaC1 interface is shown in Fig. l. A 
diminution of cathodic current densities accompanied 
by a shift of Eco~ towards positive values Js noticed 
(unless otherwise mentioned, i and I refer to current 
density and applied or measured current, respectively). 
When the potential range is restricted, a limiting 
diffusion plateau current appears at higher negative 
potential values. The ptateau current is much tess than 
that obtained with the blank (Fig. la). The significant 
potential difference between E~orr and the potential at 
which the diffusion plateau starts corresponds to a 
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Fig. L Current-voltage characteristics with cathodic potentiostatic 
polarization; eIectrode maintained at E~r for 30rain before measure- 
ments, electrode revolution per unit time, N = 830 r.p.m. (a) Carbon 
steel (XC38) - 3% NaC1, (by carbon steel (XC38) - 3% NaCI + 
5 x I0-~M C~oIt~PO~N%. 

mixed kinetic potential range. This is confirmed by" a 
cathodic Tat~l straight line after diffusion corrections 
have been made. From the extrapolation of the Tafel 
line to E ~ ,  i~,~ = 40#A cm -2- The efficiency of 
corrosion inhiNtion was estimated to be 94%. 

When the working electrode is maintained for 
45rain at its corrosion potential, F~o~, the galvan- 
ostat/c impedance diagrams in Fig. 2 are obtained. 
Only one open capacity loop with a very low charac- 
teristic frequency (~),  25 mHz, is noticed. From the 
extrapolation of  this loop to zero frequency, the global 
resistance (R~ + R~) is estimated to be 2600dicta 2. 
This is the sum of polarization resistance and the 
electrolyte resistance and is in good agreement with 
the value obtained from the current-potential cur~'es: 
(dE/di). o' The associated capacity of this loop is 
--~ 2.5 mFc'm -~, a high value with respect to the value 
generally attributed to the capacity of the double layer 
(20-100/~Fcm-~), With the electrode surface free 
from corrosion woducts and taking into consider- 
ation arguments presented earlier [10], this high 
capacity value of 2.5 mF cm-:  cannot be attributed to 
an increase &the  specific area due to the development 
of a film of corrosion products. When the high 
frequency range of ;Fig. 2 is considered, a linear 
relationship between, log G and tog F is observed 
(see Fig. 3). Such a result is characteristic of Warburg 
impedance indicating a relaxation of concentration. 
This loop can be attributed to strongly linked mass 
transport and charge transfer processes. This hypothesis 
is consistent with the low value ofi~o~ ~ 4 0 g A c m - ~  
catcxdated from the relation of Stern and Geary [11]. 

Increasing the time the working electrode is held for 
pretreatment in the electrolyte before taking measure- 
merits; this results in the appearance on the imFedance 
diagrams of  a loop at high frequencies (see Fig. 4). The 
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Fig. 2. Electroelaemical galw.nostatic impedance diagram i,x the 
presence of 5 x 10-z M C~oHz~ PO4 N.%, i = 0gA era-z; eleztrode 
maintained at. E~o~ for 45rain before measurements and N 
I000 r.p.m. G is the imaginary component of the k.~pedance in the 
complex plane (Z ,~ R - jG) where j = ( -  I) t~. 

parameters associated with this high frequency loop 
are assembled in Table I. The attribution of this loop 
to charge transfer is in conflict with the corrosion 
inhibition efficiency calculated above for the following 
reasons: (i) Rm., (14f~cm 2) < Ru,~ (100Dcm z) lead- 
ing to a significant increase of corrosion rate despite 
the fact that a high inhibition efficier~cy of ~-94% is 
observed; (ii) for charge transfer, R.r must decrease 
regularly with increasing overvoltage which is not the 
case here (see Table 1)~ 

The high frequency loop discovered by ott~er 
investigators has already been attributed to the 
estaNishment of a relatively thick and compact film 
[12-I4]. If we accept this interpretation for the present 
study, this means that the corrosion products would 
participate in the growth of the film. In fact, the high 
frequency loop appears when the electrode is immersed 
in the electrolyte for a long time at Eoo~ before measure- 
ments are effected and in the anodic domain only. In 
addition to the high frequency loop, a low frequency' 
loop is observed, this representing a faradaic process 
taking place on the free electrode sites. The capacity 
value of the low frequency loop (C~v), its character- 
istic frequency value (Fc,~) and of its associated 
resistance (R~v) are reported in Table 1. On increasing 
the anodic overvoltage, a significant drop of CBv is 
observed. Compared with CBF at i = 0#Acre '2, the 
lowest value of C~F is at ~ = 50#Acm -2. This 
probably corresponds to a reduction of the active 
surface of the electrode due to the establishment of a 
porous film. 

For i~ = 120 and 200:~Acm -2, the capacity of the 
low frequenc3, loop drops abruptly, to low values, 
lower than those obtained generally ibr the doubte 
layer capacity (,-~100:~Fcm-~). With a developed 
film, the tow frequency capacity values cannot only" be 
explained by a reduction of the active electrode 
surface area and one explanation could be that the 

Table I, Cat~Tda~ed values f rom anoc~e e~eetrochemieaI #~edance  d~agr~m o f  carbon s~eeI (XC38) electrode in 3% NaCI + 5 x 10 -~ ~vl 

i,~ RH~ Fen F C:z e R~- Fc-~_ C~:, 
(p, A em-  z) ( ~  on  2 ) ( Hz) (gF cm -~ ) (~  cm ~ ) ( Hz) r cm - z) 

50 I2 10000 1.3 3200 0,06 830 
I20 35 6300 0.8 1700 1.20 78 
200 60 6000 0.4 t150 8.5 I6 
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Fig. 3. Log G against tog F, for the HF range of Fig. 2. 

pores are collapsing as the film dissolves under these 
conditions. 

With ia > 500 #Acm -2 only one capacitative loop 
is observed. It is important to note that it was difficult 
at this current density to carry out precise low fre- 
quency impedance measurements. Estimated values of 
the resistance, R, of the characteristic frequency, F~, 
and of the associated capacity of the observed loop C 
are reported in Table 2. In this case the value of the 
capacity C is still very low. This indicates the presence 
of a superficial fihn which is more continuous and 
more compact than in the preceding case. 

The origin of this film may be a transformation of 
a first film which was initially porous, due to an 
acceleration of the dissolution process. From this 
observation the process of blocking starting at low 
overvoltages on the uncovered surface is confirmed. 

The observed capacitative loop is the result of both 
the influence of the film as well as the charge transfer. 
The strong hydrophobicity of the studied compound 
would be consistent with the very low observed 
capacity value compared to the capacity values in the 
case of less polar solvents (reduction of the dielectric 
constant in the double layer). 

3.2. Carbon steel  ( X C 3 8 )  - 

3 %  N a C t  + 3 x 10 -x M C6HTNS 

We reported in Fig. 5 the potentiostatic cathodic 
response of a carbon steel (XC38) electrode in contact 
with 3% NaCt and with 3% NaCI + 3 x 10-3M 
C6HTNS. It is clear that the presence of C 6 H T ~ S  

considerably decreases the cathodic current. The 
plateau limiting current is lower than the blank 
diffusion current. In order to attribute the decrease of 
diffusion current to the action of C 6 H7 NS at the inter- 

Table 2, Parameters derivedJ?om electrochemical impedance measure- 
ments for the carbon steel (XC38) electrode in 3% NaCI + 5 x 
]0 -2 M CIoH21 PO4Na 2 

(#Acm -z) R(f~cm z) Fc(Hz ) C(g~Fcm -2) 

500 950 I50 1.1 
1000 650 630 0.3 

9.94 m Hz 
2 0 0  t o 2 A94/mHz 
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Fig. 4. Electrochemical galvanostatic impedance diagram in the 
presence of 5 x 10 -2 M C~0H2~ PO 4 Na 2. The electrode was main- 
tained for 2 h at E~o,~ before the measurements. The insert represents 
the HF range on expanded scale. 

face (XC38)-3% NaC1, we worked in the same con- 
ditions but with a platinum working electrode. In this 
case, a less marked decrease in the diffusion current 
was noticed. The absence of corrosion products in the 
case of the platinum electrode suggests that the 
decrease in i L is due to the adsorption of C6HTNS. 
This adsorption can also be produced on the steel 
(XC38) to form a strongly adsorbed inhibition film. 
This is confirmed visually by the absence of corrosion 
products on the carbon steel surface in contact with 
3% NaC1 + 3 x 10 3 M CaH;NS [12, 13]. 

The form of the curve in the immediate vicinity of 
E~o~ reflects a diffusion-controlled cathodic reaction 
over a restricted overvoltage range. In this case the 
corrosion current density is identical to iL and equal to 
30#Acm ~2. A large linear region appears in a semi- 
logarithmic representation. The extrapolation of the 
straight line obtained to Er gives the same value as 
i~o,,. This linearity may be attributed to the reduction 
reaction of water displaced towards positive potentials 
when C6H7NS is present. The same phenomenon has 
been reported elsewhere and attributed to a decrease 
of interracial pH [12] although the pH of the bulk 
solution was not modified. 

In the anodic range, the galvanostatic curves show 
an increase of the overvoltage in the neighbourhood 
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Fig. 5, Current-voltage characteristics with cathodic potentJostatic 
polarization. The electrode was maintained for 30rain at E ~ , '  
before measurements, N = 1000r.p.m. (a) Carbon steel (XC38) - 
3% NaCt interface, (b) Pt-3% NaCt + 3 x 10 -̀ 3 M OATP inter- 
face, (c) (XC38) - 3% NaC1 + 3 x I0 .3 M OATP, (d) diffusio~ 
current obtained with a ptatimm~, working electrode in contact with 
3% NaC1 which is noticed to be equal to the current calculated 
according to the equation of Levich. 
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Fig. 6, Steady-state current-voltage characteristics for ( a )XC38-3% 
NaC1; (b) XC38-3% NaC1 + 3 x 10 .3 g C6HTNS, N = 1000r.p.m, 

of Eoo~ (see Fig. 6). However, for high overvoltages, 
the inhibitor does not influence the electrode behav- 
iour. The slope of the anodic Tafel line is 100 4- 
10 mV decade -t . Extrapolation to E~o~ yields a cor- 
rosion rate of 25 #Acm -2. 

Figure 7 illustrates the electrochemical impedance 
in the complex plane obtained for a rotating electrode 
(c9 = 2nN, where N is the number of electrode 
revolutions per unit time) having been maintained for 
2 h at Eoo~ before starting the measurements. Three 
capacitative loops are observed. Values of the resistance 
RHF and of the capacity CHF associated to the HF loop 
are given in Table 3. 

The change in size of the high frequency loop 
around the corrosion potential is insignificant. It 
should be noted that the angular electrode speed does 
not influence the results. When the concentration of 
C6H7NS is decreased, the size of the loop is consider- 
ably reduced and vanishes when the concentration of 
C6H7NS is less than 10 -3 M. High frequency loops 
have been reported in the literature [13-15]. 

Sinmltation techniques have shown that the high 
frequency loop can be attributed to the formation of 
a thick, compact inhibiting film [15, 16]. 

In the anodic range, the size of the intermediate 
frequency (MF) loop is reduced with increasing over- 
voltage. It is important to note that for 50 #Acm -2 ~< 
i~ ~< 1000#Acre -~, the product RMF i~ is constant 
(see Table 4). The slope of the corresponding Tafel 
line (2.3RMFi~) is 83inV. When the experimental 
errors are considered, this value is close to the value 
obtained for the blank (74mV) [17]. Thus the ortho- 
aminothiophenol (C6HTNS) acts as a corrosion 
inhibitor without changing the mechanism of the 
anodic process. The high corrosion inhibition efficiency 
is the result of a simple decrease in the active area of 
the working electrode. 

In the anodic range, the low frequency loop decreases 

Table 3. Values o f  high f requency  resistance and capacity at different 

C6HvNS;  temperature 20 ~ C, N = lO00r.p.m. 

eT" 4 0 0  

2 0 0  
"T' 

2 5 N z  
2 5  Hz 

o o o 0.25 Nz 
~ o 

o 
o o 25  mHz 

~ 1 7 6 1 7 6  o o 
poo • o 
........ , 1 , I ,,,, ................ I - 

2 0 0  6 0 0  1 0 0 0  1 4 0 0  
R (~ cm 2) 

Fig. 7. Electrochemical potentiostatic impedance diagram at E c o r r  

for carbon steel (XC38)-3% NaCI + 3 x 10 -3 M C6HvNS inter- 
face. N = 1000r.p.m. 

in size in phase with the reduction of the high frequency 
loop. The low frequency loop vanishes at high over- 
voltages. No interpretation of the evolution of the low 
frequency loop is offered here. 

4. Discussion 

From the study of inhibition effect of four organic 
compounds, three of which are surfactants, on the 
corrosion of carbon steel (XC38)-3% NaC1 inter- 
faces carried out here and in the previous paper [9], we 
observe that: 

(i) The corrosion inhibition of carbon steel (XC38) in 
3% NaCI seems to be independent of the species polar 
head of the organic compounds used. However, electro- 
chemical measurements indicate that there is a differ- 
ence in the mechanism of inhibition. 

In the case of dodecyl sodium phosphonate the 
corrosion inhibition is the result of a mixed action on 
both the cathodic and anodic processes. The fact that 
the limiting current plateau of oxygen reduction 
was not properly formed, may be attributed to the 
establishment of a surface film which reduces the pH 
at the interface. The potential onset of water reduction 
is therefore displaced and then influences the appear- 
ance of the plateau of the limiting reduction current. 
This film is probably not thick since, in all cases, the 
impedance measurements did not show a capacitative 
loop at high frequencies. We suggest that the inhibitor 
is adsorbed by its anionic polar head. The appearance 
of a Warburg impedance at Er over a large range of 
high frequencies favours the hypothesis of a mixed 
electrochemical process controlled by both activation 
and diffusion mechanisms. 

In the presence of n-undecylimidazole, the effect is 
properly observed at cathodic potentials for low 
concentrations (reduction of iL) but at high concen- 
trations is observed anodically. The slopes of the Tafel 
lines and inhibition efficiencies show that this com- 
pound acts through a modification of electrochemical 

current densit iesJbr carbon steel (XC38)  in 3 %  NaC1 + 2 • 10 -3 M 

i (#A cm-2) -- 300 -- 200 -- 60 -- 20 0 + 20 + 40 + 80 + 200 + 400 

RHr(~cm ~) 24 + 2 100 • 20 85 +_ 10 90_.+ I0 I00 +_ I0 90 + I3 100 + t0 80 __. 10 32 +_ 2 5 + 2 
CHv(/~Fcm -2) - 2,3___ 0.4 4.5_4:_ 0 5  5,8 • 1 3.5 • 0.8 4.6_+ 0.3 4,0 • 0.2 5 • ! 3.8 • 0.4 3.2_+ 0.2 
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Fig. 8. Double layer piling (stacking) structure of  surfactant 
compound adsorption at metal-3% NaC1 interface. 

processes at the interface. In this case the high fre- 
quency capacitative loop was not detected with 
certainty and we again propose that adsorption occurs 
through the polar head of the inhibitor. The hydro- 
phobic character of the hydrocarbon chain favours 
the stability of a third film on top of the adsorbed film 
and, as a result, a bilayer structure is established 
(see Fig. 8). The bilayer hypothesis is consistent with 
the inhibition characteristics observed for this organic 
compound and must be consistent with a stable thin 
film. 

A series of bilayers of this type may be envisaged on 
the electrode so long as the local concentration is 
below the critical micellar concentration, C.M.C., (see 
[9]). However, the number of such layers will depend, 
not only on the concentration and the surfactant type, 
but also on the dynamics of thermal stability of such 
layers (Brown• notion/convection). 

(ii) In the case of orthoaminothiophenol (OATP), the 
entire electrochemical data can be explained in terms 
of a film effect generated by C 6 H 7 N S  at the electrode 
surface. The impedance diagram resembles published 
results for similar electrodes covered with a paint film 
[16]. The mechanism of inhibition was found to be 
essentially physical, i.e. a reduction of active surface 
area by the inhibitor with no change in the corrosion 
mechanism [18]. Our electrochemical data are con- 
sistent with such a model since it has shown that the 
kinetics of the anodic and cathodic processes are not 

modified by the inhibitor (values of b, and bc remain 
constant). The high frequency loop of the impedance 
diagram reported in Fig. 7 can be ascribed to a 
relatively compact and thick inhibitor film, whereas 
the remaining part of the diagram represents the 
faradaic process on the free film sites. This agrees well 
with previously published results [19]. The protective 
characteristics of the inhibitor film can be charac- 
terized by the values of CHF and RHF determined from 
electrochemical impedance measurements carried out 
at the corrosion potential Ecor~. 

Finally, the development of a relatively compact 
and thick protective film of C 6 H 7 N S  o n  the metal 
surface can be explained by considering the molecular 
structure of this compound: (a) the presence of two 
heteroatoms (N and S) and the aromatic cycle for 
aqueous systems always gives a strong adsorption 
bonding for the molecules, i.e., good adherence and 
compactness of the film; (b) the possible occurrence of 
a stacking phenomenon between the molecules may 
also lead to an increase in film thickness. 

The same adsorption mechanism seems applicable in 
the case of dodecyl sodium phosphate (C~0H21PQNa2). 
The thick film inferred in this case would be stabilized 
by corrosion products. In fact the high frequency loop 
was only observed when the electrode is maintained in 
the electrolyte at the corrosion potential for long 
periods before measurement or otherwise pretreated 
in the anodic domain. This may be explained by a 
preferential adsorption of the surfactant onto the 
cathodic sites. 

(iii) The difference in the mechanism of corrosion 
inhibition of carbon steel in NaC1 (3%) in the presence 
of dodecyl sodium phosphonate compared to dodecyl 
sodium phosphate can be justified by the difference of 
the polar head. 

The ether type oxygen of phosphates RPO4 2 - tinked 
to the alkyl electron donor group behaves in a dif- 
ferent manner to the other three oxygens which are 

Table 4. Variation o f  parameters evaluated in the intermediate frequency range (MF)  as a function o f  applied current densitiesjor the interface 
carbon steel (XC38) - 3% NaCl + 3 • 10 3 M OATP: N = lO00r.p.m., electrode maintained for J h m the electrolyte at E,o,r bejore 
measurements 

i RMF FCMF CM F iRMF 
(ktA em -2) (li cm 2) (Hz) (#Fcm 2) (m V) 

- 4 0 0  980 _+ 25 0,160 -- 0,006 1015 _+ 300 392 ___ !0 
--300 1400 • 60 0,063 • 0,005 1805 _+ 200 420 + 10 
- 1 5 0  1700 + 70 0,063 • 0,004 1490 • 200 255 • 10 

- 9 0  1900 • 50 0,07 • 0,01 1200 • 180 171 • 4,5 
- 7 0  2300 • 60 0,10 • 0,01 700 • 85 161 • 5 
--50 2000 • 100 0,20 • 0,0l 400 • 40 lOG_+ 5 
- 3 0  1500 • 80 0,60 • 0,02 200 • 40 45 q- 3 

0 940 • 20 4,0 • 0,1 42 • 2 - 
+20  800 • 15 10,0 __. 0,1 20 • 2 16 • l 
+50  680 • 10 9,50 • 0,05 27 ! 3 34 • l 
+80  400 _+ 8 6,1 • 0,I 84 • 20 32 • 2 

+200 170 • I0 12,5 • 0,5 80 • 12 34 • 2 
+300 120 • 6 14 • 1 120 • 36 36 • 2 
+500 78 • 6 16 • l 124 • 11 39 • 3 

+1000 34 • 2 30 • 2 156 • 18 34 • 2 
-+-3000 20 • 3 40 • 2 199 • 35 60 • 9 
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either directly or  indirectly o f  identical e lect ronic  
characteristics by the mesomeric  process according to: 

/O x IOI 

I 
R - O -  P - O I ,  , R -  O -  1~= O/ 

- ] - 

I O I  ,", I 0 1  ,-, 

A "sof t "  characteristic is at t r ibuted to the oxygen o f  
the ether type while other  phosphate  oxygens have 
" h a r d "  characteristics [20]. 

In  the case o f  RPO~- phosphonates ,  analogous  
reasoning allows at t r ibut ion o f  the hard  character  to 
all the oxygens. Iron,  as a transit ion metal  is con- 
sidered in its a tomic state to be a "sof t "  element while 
the cat ion Fe 2+ is "ha rde r "  [21]. 

In  the phosphate  case, the oxygen type ether, 
considered as a " so f t "  base, associate with a tomic 
iron considered as a " h a r d "  acid while the other  
oxygens, "sof t  bases",  associate with ferrous ions Fe 2+ 
considered as "ha rde r "  acid [20]. A non  negligible 
"symbiot ic"  effect is p robably  associated with the 
formed complex [22]. 

The mesomeric  considerat ions applied to the 
phosphates  R P O ] -  results in a limiting case where the 
e ther- type  oxygen carries a partial positive charge. 
This limiting form is active on the cathodic  iron sites. 
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