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Abstract Thiourea derivatives namely, phenylthiourea
(PTU), N, N'-diphenylthiourea (DPTU) and N-naphtyl N'-
phenylthiourea (NPTU) synthesised in our laboratory, were
tested as inhibitors for the corrosion of cold rolled steel in
1M HCIO, using polarisation and electrochemical
impedance measurements. At 30 °C, PTU and DPTU
stimulated corrosion at low concentrations while addition
of NPTU caused inhibition at all concentrations. The best
protection (93%) was obtained by adding NPTU at
2.5 x 107* M. Polarisation curves showed that NPTU
acted as a mixed inhibitor. The degree of surface coverage
of the adsorbed inhibitors was determined by the ac
impedance technique. The adsorption of NPTU on the cold
rolled steel surface obeyed the Langmuir adsorption iso-
therm. Corrosion behaviour in the presence of NPTU at
various concentrations was studied in the temperature
range 20-50 °C. Both the corrosion rate of cold rolled steel
and protection efficiency increased with increasing tem-
perature. Activation energies with and without NPTU were
obtained from the temperature dependence of corrosion
current. The thermodynamic functions of the adsorption
processes were calculated from the polarisation data and
were used to analyse the inhibitor adsorption mechanism.
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1 Introduction

The use of inhibitors is one of the most important methods
for protection of carbon steel against corrosion in acidic
media. Extensive investigations on inhibitors have been
carried out, especially on nitrogen- and sulphur-containing
inhibitors. Substantial progress has been made in this field
in recent years [1-5]. Thiourea and its derivatives have
been used as good candidates of organic inhibitors for
corrosion of iron and steel [6-10].

The synthesis of novel organic molecules offers differ-
ent molecular structures containing several heteroatoms
and substituents. Their adsorption is generally due to the
formation of a film bonded to a metal surface with a
physical or chemical mechanism. It has been suggested that
chemisorbed molecules protect anodic areas and reduce the
inherent reactivity of the metal at the sites where they are
attached, whereas physisorbed molecules are attached to
the metal at local cathodes and retard metal dissolution by
stifling the cathodic reaction [11, 12].

In recent years, we have been involved in the develop-
ment of new organic compounds as acid inhibitors. In the
present work, we have synthesised the organic compounds
N-phenylthiourea (PTU), N, N'-diphenylthiourea (DPTU)
and N-naphtyl N'-phenylthiourea (NPTU) in order to study
their ability to inhibit corrosion of cold rolled steel in
perchloric acid. The choice of these compounds was based
on molecular structure considerations. Introduction of
phenyl and naphthyl groups changes the volume of the
PTU molecule and hence the surface occupied when
adsorbed on the metal. The effects of concentration of the
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compounds on the electrochemical parameters of cold
rolled steel in 1 M HCIO, have been studied by three
electrochemical methods: potentiodynamic polarisation
curves, linear polarisation measurements and electro-
chemical impedance spectroscopy. The free energy, the
enthalpy and entropy for the adsorption process were
determined with and without NPTU. The apparent activa-
tion energies and pre-exponential factor for the dissolution
process were also calculated.

2 Experimental
2.1 Materials

Cold rolled steel composed of (wt.%): C < 0.15%,
Mn < 0.50%, P <0.03%, S < 0.03%, remainder iron,
was used as the working electrode for all studies.

Inhibitors were synthesised by condensation of phenyl
isothiocyanate with an appropriate amine and were purified
and analysed by IR and NMR spectroscopy before use.
Figure 1 shows the molecular structures of the compounds
labelled DPTU, NPTU and PTU. Acid solutions were
prepared from AR grade HCIO, (70%) in an appropriate
concentration using double-distilled water.

2.2 Electrochemical measurements

Electrochemical experiments were carried out in a glass
cell (CEC/TH-Radiometer) with a capacity of 500 mL. A
platinum electrode and a saturated calomel electrode (SCE)
were used as a counter electrode and a reference electrode,
respectively. The working electrode (WE) was cut from
cold rolled steel in the form of a disc and embedded in a
Teflon rod with an exposed area of 0.5 cm?. Prior to each
experiment the WE was polished successively with dif-
ferent grades of emery paper up to 1,000, rinsed with bi-
distilled water, degreased by acetone, washed thoroughly
with bi-distilled water and dried at room temperature.
Electrochemical impedance spectroscopy (EIS), poten-
tiodynamic and linear polarisation measurements were
conducted in a PGZ301 potentiostat. A personal computer

Fig. 1 Molecular structures
of PTU, DPTU and NPTU
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was used to collect and treat data with VoltaMaster 4 and
Zview softwares.

The working electrode (WE) was immersed in test
solution for 1 h until a steady state open-circuit potential
(Eocp) was reached. The potentiodynamic current-potential
curves were plotted by changing the electrode potential
automatically from —700 to —250 mV vs SCE with a
scanning rate of 0.5 mV s~'. The corrosion current den-
sities were determined by Tafel extrapolation of the
cathodic curves to the open circuit corrosion potentials.

The a.c. impedance measurements were performed at
corrosion potentials (E.,,), after 1 h exposure of the WE in
the solution, over a frequency range of 4 kHz—60 mHz,
with a signal amplitude perturbation of 10 mV. Nyquist
and Bode plots were obtained.

Polarisation resistance measurements were performed,
immediately after EIS on the same electrode without any
surface treatment, by applying a controlled potential scan
over a small range typically =15 mV with respect to E -
The resulting current was plotted vs potential. The slope of
the line at E..,, was taken as the polarisation resistance
(Ry).

All experiments were carried out in freshly prepared
solutions at constant temperature, 20, 30, 40 and
50 &£ 0.1 °C using a thermostat.

The measurements were repeated to test the reproduc-
ibility of the results.

Inhibition efficiencies P % were calculated as follows:

— For potentiodynamic polarisation measurements:

Lo — I
co cor o 100 (])

corr

P %=

where I and I’ are corrosion current densities without

and with the inhibitor, respectively.

— For linear polarisation measurements:

R, —R
£ __"P 100 (2)
RP

P%=

where Rp and R}, are polarisation resistances without and
with the inhibitor, respectively.
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Figures 2, 3, 4 depict the anodic and cathodic polarisation
curves recorded on cold rolled steel in 1 M HCIO, with
and without addition of PTU, DPTU and NPTU at 30 °C.
DPTU and PTU stimulated corrosion at low concentrations
by accelerating the anodic reactions.

The electrochemical parameters derived from the po-
larisation curves at different concentrations are given in
Table 1. PTU and DPTU acted as corrosion stimulators and
the acceleration of corrosion of cold rolled steel was larger
at lower concentrations. This indicated that the PTU and
DPTU compounds produced a catalytic effect on the rate of
steel dissolution in 1 M HClO,. This can be explained as
follows: some of the organic sulphur-containing molecules
adsorbed on the surface of steel may decompose and pro-
duce H,S which accelerates the corrosion of steels in acid
solutions [13—15]. On the other hand, these molecules can
chemisorb on steel, protect the metal surface and therefore
inhibit corrosion [16, 17]. This is called the covering effect.
Thus, when the phenylthiourea or diphenylthiourea con-
centration in the solution is fairly low, the surface coverage
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Fig. 2 Potentiodynamic polarisation curves for cold rolled steel in
1 M HCIO, with and without PTU at 30 °C

Fig. 3 Potentiodynamic polarisation curves for cold rolled steel in
1 M HCIO4 with and without DPTU at 30 °C
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Fig. 4 Potentiodynamic polarisation curves for cold rolled steel in
1 M HCIO,4 with and without NPTU at 30 °C

of the adsorbed molecules is too low to produce an obvious
covering effect on the corrosion of steel. Moreover, it is
known that even a low amount of H,S can speed up the
corrosion of steel by chemisorption on active sites and
catalysing the anodic dissolution and hydrogen evolution
reaction [18, 19]. Therefore, if the concentration of DPTU
or PTU in the solution is low, the corrosion of cold rolled
steel is accelerated by the H,S from PTU and DPTU.
Conversely, if the concentration of PTU and DPTU is
higher, the surface coverage of adsorbed molecules is
enhanced and a high surface coverage is reached [20]. This
results in a decrease in current and corrosion rate.
According to Oldham [21] the catalytic effect of these
compounds may be due to changes in the oxidation state of
the sulphur atoms. These atoms are easily oxidised in acid
solutions making the inhibiting effect uncertain.
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Table 1 Electrochemical

arameters and the C (M) _Ecorr Vs Icorr bc Rp PIcorr PR
Eorrespongling corrosion SCE (mV) (HA em”™) (mV dec™) (@ cm?) (%) (%)
inhibit.ion efficiencies for the . Blank 432 489 153 63 _ _
corrosion of cold rolled steel in _s
1 M HCIO, containing different NPTU 5 x 10 468 112 145 230 77.1 72.6
concentrations of NPTU, DPTU 7.5 x 1073 452 57 159 372 88.3 83.1
and PTU at 303 K 1 x107* 460 38 152 442 92.2 85.7
25 % 107 452 35 152 892 92.8 92.9
DPTU 5%x107° 584 1,585 157 14 —69.1 —77.8
1 x107* 572 830 155 36 —41.1 —42.8
2x107* 588 521 157 48 —06.1 -23.8
5% 107 548 251 130 143 48.7 55.9
PTU 1x107* 612 1,841 152 10.2 —73.4 —83.8
25 % 107 610 1,000 125 254 —51.1 —59.7
5% 107 608 759 120 422 —35.6 —-33.0
1 x 1073 580 355 135 83.9 27.4 24.9

Conversely, NPTU hinders acid attack on steel. The
polarisation curves show that this inhibitor does not affect
the cathodic slopes (b.). This indicates that addition of
NPTU does not modify the mechanism of the proton dis-
charge reaction. Figure 4 also shows that NPTU exhibits
both cathodic and anodic inhibition effects but the cathode
is preferentially polarised. It should be mentioned that the
anodic branch of the polarisation curve has a relatively
small linear Tafel region, which becomes wider as the
inhibitor concentration increases. For this reason, the cur-
rent densities were determined by extrapolation of only the
cathodic Tafel lines to the corrosion potential.

A number of significant kinetic parameters are listed in
Table 1. As the concentration increased inhibitor efficiency
also increased. This indicates that NPTU does not
decompose in 1 M HClO,. The stabilising effect that from
substitution of phenyl by naphthyl group indicates rear-
rangement of charge densities inside the molecule giving
corrosion inhibition by NPTU at all concentrations. Below
10> M, NPTU stimulates corrosion.

The linear polarisation technique was performed in 1 M
HCIO, with different concentrations of PTU, DPTU and
NPTU. The corresponding polarisation resistances (R;,) of
cold rolled steel with and without the inhibitors are also
given in Table 1. It is clear that R, increases with
increasing inhibitor concentration. Percentage inhibition
(P %) was calculated from R, and is given in Table 1. P %
increases with concentration of NPTU reaching 92.9 at
2.5 x 107* M. PTU and DPTU also stimulated corrosion
up to 2 x 107* M for DPTU and 5 x 10~* M for PTU.

3.1.2 Electrochemical impedance spectroscopy (EIS)

The corrosion behaviour of cold rolled steel with and
without PTU, DPTU and NPTU was investigated by EIS at
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30 °C after 1 h immersion in 1 M HCIO,. Typical sets of
Nyquist plots are shown in Figs. 5, 6, 7. They exhibit one
semicircle, with centre lying under the abscissa. These
curves show significant differences but the impedance
spectra for cold rolled steel have a similar shape at any
concentration of the compounds. The emergence of one
semicircle in the impedance diagrams was common to all
compounds. To describe the observed depression of the
capacitive semicircle, it is useful to replace the capacitor by
an element which has frequency dispersion, like the con-
stant phase element (CPE). The constant phase element is a
frequency dependent element and is related to surface
roughness, impurities or dislocations [22-25]. The imped-
ance of CPE varies with frequency according to the
equation [22, 26, 27]:

Zepg = Q7' (jo) " (4)
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Fig. 5 Nyquist plots for cold rolled steel in 1 M HCIO4 with and
without PTU at 30 °C. Inset shows the equivalent circuit of the
impedance spectra
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Fig. 6 Nyquist plots for cold rolled steel in 1 M HCIO, with and
without DPTU at 30 °C
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Fig. 7 Nyquist plots for cold rolled steel in 1 M HCIO, with and
without NPTU at 30 °C

where Q is a proportionality constant and n an exponent
related to the phase shift. The above equation provides
information on the extent of departure from ideal capaci-
tance behaviour. Its value differentiates between an ideal
capacitor (n = 1) and a CPE (n < 1). Values of n can serve
as a measure of surface heterogeneity [22, 23, 28]. The
equivalent circuit model employed for these systems is
presented as an inset in Fig. 5.

The resistance Rj is that of the solution while R, reflects
the charge transfer resistance and CPE has the meaning of a
frequency distributed double-layer capacitance.

Fitting parameters for the corrosion of cold rolled steel
in 1 M HCIO,4 with and without PTU, DPTU and NPTU
are given in Table 2. There is good agreement with the
experiments and the error does not exceed 2%. Some of the
fitted curves are given in Fig. 8. It is seen that this model
describes the experimental results very well. This model is
confirmed by the Bode diagrams which show one phase
angle maximum (Fig. 9).

The presence of DPTU and PTU enhanced the corro-
sion of cold rolled steel at different concentrations up to
2 x 107* and 5 x 107* M, respectively. This is clearly
shown in the impedance experiments. High values of Cgy
and low values of R, are obtained for 1 M HCIO, in the
presence of these compound. The exponent #n is higher in
the presence of the compounds compared to 1 M HCIO,
(0.85). This shows that the stimulators contribute to lower
the surface heterogeneity, presumably due to better dis-
solution of most active surface sites [29]. The results in
Table 2 indicate that R, increases with increasing NPTU
concentration, but Cy tends to decrease. The largest effect
is observed at 2.5 x 10~* M, which gives an R, value of
881 Q cm’. The decrease in Cy is due to adsorption of
NPTU on the metallic surface. The observed decrease in n
in the presence of NPTU can be explained by enhance-
ment in the surface heterogeneity due to adsorption of
inhibitor on most active desorption sites [23]. On the other
hand, the excellent behaviour of NPTU previously indi-
cated in the potentiodynamic polarisation measurements is
confirmed.

Note that capacitance was calculated from Q and R,
using the equation [30, 31]:

(CR)"

Q= R

(5)

3.2 Detailed study of NPTU
3.2.1 Kinetic parameters

The change in the rate of the corrosion process with tem-
perature was studied in 1 M HCIO, with and without
NPTU at various concentrations. The aim was to evaluate
the apparent activation energy and the pre-exponential
factor (A) of the corrosion process. This was carried out by
studying the temperature dependence of the corrosion
current obtained with the potentiodynamic polarisation
method. The polarisation exhibits Tafel behaviour. The
polarisation curves which are not presented here show that
both the anodic and cathodic polarisations decrease upon
heating while I, increases. Several electrochemical
parameters were calculated from these curves and the
results are summarised in Table 3. I, increases upon
heating both in uninhibited and inhibited solutions. The
efficiency of NPTU increases with temperature in the
studied temperature range. The fact that (P %) increases
with temperature was considered by Ivanov [32] as due to
change in the nature of the adsorption mode. The inhibitor
is physically adsorbed at lower temperatures, while
chemisorption is favoured at higher temperatures (Fig. 10).

Although the adsorption process was sufficiently eluci-
dated by the thermodynamic model, the kinetic model is
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and inibiton effiency for he c R@em) 0@'em?s) n  CaFem® P
corrosion of cold rolled steel in Blank 59 21.8 % 10~° 0.85 103 _

1 M HCIO, containing different _s _s
concentrations of NPTU, DPTU NPTU 5 x 10 208 4.84 x 10 0.87 243 71.6
and PTU at 303 K 75 x 1077 368 4.66 x 107° 0.86 24.0 83.9
1 x 107 450 3.16 x 107° 0.84 14.0 86.9
2.5 x 107* 881 2.50 x 107° 0.81 10.2 93.3
DPTU 5x107° 8 18.8 x 107° 0.87 71.2 —86.4
1x107* 33 52 %1077 0.90 25.6 —44.1
2 x 107 55 3.6 x 1077 0.87 142 —-06.8
5x 107" 170 72 x 107° 0.81 25.63 65.3
PTU 1x 107 7 169 x 107° 0.89 73.5 —88.1
2.5 x 107* 26 6.6 x 1077 0.87 25.5 —55.9
5x107* 41 55 x 1073 0.88 23.9 -30.5
1x107? 88 54 %1073 0.87 24.3 32.9
1000 where E, represents the apparent activation energy and A is

B DPTU 5x10°M the pre-exponential factor.
800 o NPT 2. 10°M &0 s Figure 11 gives the Arrhenius plots of the natural log-
_ o] Fitresut arithm of the corrosion current density vs 1 for 1 M HCIO4
5 with and without NPTU.

ZE, 6001 57 . E, and A were calculated by a linear regression method
9_ “ ) . between In I, and %, and the results are shown in Table 4.
N 400+ : & Linear regression coefficients are close to 1, indicating that
steel corrosion in perchloric acid can be understood using

the kinetic model.
A close inspection of the data in Table 4 shows that the
activation energy is lower in the presence of NPTU. The

T T T T T T T T T
0 200 400 600 800 1000
Z./Qcm?

Fig. 8 Curves fitting of EIS data of cold rolled steel in 1 M HCIO,
with and without PTU, DPTU and NPTU to Nyquist plots at E.q

another way to explain the mechanism of corrosion
inhibition.

The corrosion reaction can be regarded as an Arrhenius
process with the rate:

decrease of E, with NPTU concentration is typical of the
chemisorption process [33, 34].

According to Eq. 6, low values of A and high values of
E, lead to lower corrosion rates. For the present study, E, is
lower in the presence of NPTU. Therefore, the decrease in
the steel corrosion rate is decided by the pre-exponential
factor A, which reflects the effect of the variation of
entropy AS, during activation. It was found that A and
consequently AS, significantly decreased with inhibitor

—E, concentration reducing the corrosion rate of the cold rolled
Inleor = RT +InA (6) steel. As a result, the corrosion rate of steel decreased with
Fig. 9 Bode angle plots for 3,5 ]
cold rolled steel in 1 M HCIO, (@) 70 (b)
with and without PTU, DPTU 301 60| 3 ?(I)T,\: bTU
and NPTU at E.,, and at 30 °C 2,5 o 50| 4 5 0M DPTU
(a) Bode modulus plots for cold _ 401" 2.5¢10“M NPTU
rolled steel in 1 M HCIO, with N 20+ 3 Fit Resdl
and without PTU, DPTU and e 151 % 30 1
NPTU at Eco, and at 30 °C (b) e ery o 20
1091 & sxi0*MDPTU 10 A
v 25x10"M NPTU
0,5 4 |—— Fit Result 0 -
0,0 . . . T T -10 T T T T T
-1 0 1 2 3 4 -1 0 1 2 3 4

log (f/ Hz)
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Table 3 Effect of temperatwre ="y, T (K) —Eeon VS Lo be (mV dec™") P (%)
on the inhibition efficiency and -2
: SCE (mV) (LA cm™)
electrochemical parameters of
the cold r.olled stegl inlM Blank 208 432 209 173 _
HCI10,4 with and without NPTU
at different concentrations 303 432 489 153 -
313 435 1,620 168 -
323 463 4,256 166 -
5% 107° 298 439 44 150 78.9
303 468 112 145 77.1
313 452 195 166 87.9
323 462 319 154 92.5
7.5 x 1073 298 462 36 155 82.8
303 452 57 159 88.3
313 455 180 159 88.9
323 432 245 153 94.2
1x107* 298 442 26 159 87.6
303 460 38 152 92.2
313 452 78 152 95.2
323 447 110 150 97.4
25 % 107 298 452 18 150 91.4
303 452 35 152 92.8
313 464 56 155 96.5
323 452 80 159 98.2
-4 3,0x10"
B Blank
O 5x10°M
A 75x10°M 25410°1 | m 1_s08k
T v 1x10°M O T=303K
‘e ® 25x10°M . A T=313K
S 7y 201009 1 ¢ T=328K
- ©
- E
= D 1,5x10*
£ O
-10 1,0x10*
¢
5,0x10°
-12 T T T T T
3,08x10° 3,15x10° 3,23x10° 3,30x10° 3,38x10° e T T T T
5,0x10 1,0x10 1,5x10 2,0x10 2,5x10
1V T7K G/mol L'

Fig. 10 In /., vs 1/T for cold rolled steel dissolution in 1 M HCIO4
without and with NPTU at various concentrations

increasing inhibitor concentration. Clearly, the reduction of
A is an important factor that determines the corrosion rate
of cold rolled steel in 1 M HClOy in the presence of NPTU.

3.2.2 The adsorption process

Assuming that corrosion inhibition was due to the
adsorption of NPTU, the degree of metal surface coverage,
0, was calculated from potentiodynamic polarisation mea-
surements using the following relation [35]:

Fig. 11 Curves fitting of the corrosion data of cold rolled steel in the
presence of NPTU to Langmuir isotherm at different temperatures

Low — I
0 __ ‘corr corr (7)

IC()IT

where I.o, and I/ are the current densities for the blank
and the inhibited solutions, respectively. This equation is
valid under the condition of equal Tafel line slopes, which
is satisfied in the present work.

Adsorption of an organic adsorbate at the metal/solution
interface can be represented by a substitutional adsorption

process between organic molecules in the aqueous solution
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Table 4 Some parameters of the linear regression between In /.
and 1/T

C (M) Pre-exponential ~ E, (kJ molfl) Linear correlation
factor (A cm™2) coefficient

Blank 3.26 x 10" 97.90 0.992

5% 107° 4.14 x 10° 61.99 0.961

7.5 x 107° 19.32 x 10° 66.79 0.970

1 x 107 9.14 x 10° 48.64 0.987

25 x 107* 418 x 10° 47.34 0.974

Orgioy and water molecules on the metallic surface
H>O(aqs) [36].

Org (o1 + ¥H2O(ads) & Orgyq5) + ¥XH2O0 50 (8)

where Org o)y and Org,qs are the organic molecules in the
aqueous solution and those adsorbed on the metallic sur-
face, respectively, HyOqs) are water molecules on the
metallic surface, x is the size ratio representing the number
of water molecules replaced by one molecule of the organic
adsorbate.

According to Bockris and Drazic [37], the inhibition
mechanism can be explained by the Fe-(inh),qs intermedi-
ate reaction:

Fe + Inh = Fe(Inh),;, = Fe"* + ne + Inh 9)

Initially, the amount of Fe(Inh),qs is not sufficient to
cover the metal surface, because the inhibitor concentration
is insufficient or the adsorption rate is slow. The metal
dissolution takes place on sites of the cold rolled steel
surface free of Fe(Inh),q,. If the inhibitor concentration is
high enough, a compact and coherent inhibitor overlayer
forms on the steel surface, reducing chemical attack of the
metal [38].

When equilibrium is reached in the process described by
Eq. 9, it becomes possible to obtain different expressions
for the adsorption isotherm plots.

Data of 0 were found to fit well with the Langmuir
isotherm, given by:

CcC 1
Z 10
0 K+C (10)
with

1 AGy,
Kss,s‘”‘p(_ RT ) (1)

C is the concentration of the inhibitor in the bulk solution,
K the adsorptive equilibrium constant and AG®,q4, the free
energy of adsorption.

According to this isotherm a plot of % against C should
give a straight line with a slope of unity. Figure 11 shows
such plots at several temperatures. The plots give straight
lines with slopes very close to 1, which confirm the Lang-
muir adsorption isotherm mechanism. This means that there
are no interactions among the adsorbed species [39]. A
linear regression calculated by the computer between % and
C gave the parameters listed in Table 5. The adsorption
equilibrium constant (K) values increase with increasing
temperature. This means that adsorption of NPTU on the
steel surface is enhanced at higher temperatures.

Thermodynamic parameters are important in under-
standing the inhibition mechanism. The values of AG®,q4 at
different temperatures were obtained from the values of K
and Eq. 11 and plotted against 7. This plot is shown in
Fig. 12. It should be noted that the entropy change of
adsorption —AS°®,4, is the slope of the straight line AG®,q
vs T according to Eq. 12.

AGoads = AI_Ioads - _TASOads (12)

The intercept of the straight line with the y axis gives the
heat of adsorption AH®, ;.

The predicted values of AH®,, and AS°4 are
47.80 kJmol ™" and 287 Jmol™' K™, respectively. The
large negative value of the free energy of adsorption and
positive value of the heat adsorption are characteristic of
strong adsorption of NPTU. Generally, an exothermic
adsorption process means either a physi- or chemisorption
mechanism while an endothermic process is attributed
unequivocally to a chemisorption process [40]. In the
present work, the positive value of AH®,4, for the adsorp-
tion of NPTU indicates that this inhibitor was chemically
adsorbed.

Some data are not consistent with the expected
adsorption phenomena. It is well known that adsorption is
an exothermic phenomenon (AH®,4s < 0) accompanied by
a decrease in entropy AS®,qs [38]. Adsorption of an organic
compound on a metal/solution interface is considered as
“substitutional adsorption” phenomenon [37]. Thus, the
positive value of AS,q is attributed to an increase of dis-
order due to desorption of some water molecules from the
iron surface. The positive value of adsorption entropy was
also explained by “substitutional adsorption” by Branzoi

Table 5 Some parameters

of the linear regression Temperature (K) K (L mol™} AG,q° (KJ mol™ 1) Slope Linear correlation coefficient
between C/0) and C 298 8.13 x 10* ~37.96 1.06 0.9989

303 1.06 x 10° —39.25 1.03 0.9995

313 1.49 x 10° —41.44 1.01 0.9993

323 3.89 x 10° —45.35 1.00 0.9999
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Fig. 12 Free energy of corrosion of cold rolled steel at different
temperatures

et al. [38]. These authors studied four surfactants as
inhibitors for Armco iron in aqueous solutions of HCI.
They found that the four surfactants tested were adsorbed
on Armco iron according to the Langmuir isotherm. Such
disorder exceeds the ordering phenomenon resulting from
the adsorption of only one inhibitor molecule [41]. The
positive value of AH,4 related to “substitutional adsorp-
tion” can be attributed to a more positive water desorption
enthalpy [42].

Since both adsorption enthalpy and adsorption entropy
are positive, the driving force for the adsorption of adsor-
bate is an increase in entropy during the adsorption process
rather that a decrease in enthalpy.

In the present study, chemisorption is clear since the
apparent activation energy of corrosion is lower in the
presence of NPTU, also because of an increase in inhibition
with temperature, a large negative value of AG®,4 and a
positive value of AH®,. According to these arguments,
chemisorption of NPTU on the steel surface may take place
through donor—acceptor links between n-electrons of the
naphthyl group and empty d-orbitals of the iron atom.
NPTU can also be adsorbed on the metal surface by the
interaction between lone pairs of electrons of nitrogen and
sulphur atoms of the inhibitor and the metal surface. The
covalent bond with the metal is most probably formed
between the unpaired electrons of the sulphur atom, which
is a better donor of electrons than the nitrogen atom.

4 Conclusions

The following conclusions may be drawn:

e DPTU and PTU act as corrosion stimulators and the
acceleration of corrosion of cold rolled steel is higher at
lower concentrations.

e The presence of the naphthyl group in the structure of
the inhibitor molecule is very beneficial towards
inhibition of corrosion of cold rolled steel in 1 M
HCI1O;,.

e Addition of NPTU causes inhibition at all concentra-
tions. The inhibitor efficiency increases with its
concentration.

e NPTU exhibits both cathodic and anodic inhibition
effects but the cathode is preferentially polarised.

e A good agreement is obtained between the polarisation
data and electrochemical impedance spectroscopy
measurements.

e Adsorption of NPTU onto cold rolled steel varies
according to the Langmuir adsorption isotherm.

e Chemisorption of NPTU is evidenced from the appar-
ent activation energy of corrosion, which is lower in the
presence of NPTU, the increase in inhibition with
temperature, the large negative values of AG®,q, and
the positive value of AH® 4.
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