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Abstract Here in, cationic surfactants namely (1-octyl, decyl, and dodecyl-4-mercaptopyridine-1-

ium bromide) I, II and III, respectively, were synthesized. The inhibition effect of these surfactants

on the corrosion of carbon steel in 1 M HCl was studied by polarization, electrochemical impedance

spectroscopy (EIS) and weight loss measurements. Polarization curves revealed that the used inhi-

bitors represent mixed-type inhibitors. Adsorption of used inhibitors led to a reduction in the dou-

ble layer capacitance and an increase in the charge transfer resistance. Adsorption of used

compounds was found to obey Langmuir isotherm.
� 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of Egyptian Petroleum Research

Institute. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

The carbon steel is used as essential part in the manufacturing

of installations used in the petroleum and other industries [1–
4]. Acid solutions are widely used in industry, chemical clean-
ing, descaling and pickling, which lead to corrosive attack. The

majority of the well-known inhibitors are organic compounds
containing heteroatoms, such as oxygen, nitrogen or sulfur
and multiple bonds, which allow an adsorption on the metal
surface. It has been observed that the adsorption of these inhi-

bitors depends on the physicochemical properties of the func-
tional groups and the electron density at the donor atom. The
adsorption occurs due to the interaction of the lone pair and/
or p-orbitals of inhibitor with d-orbitals of the metal surface
atoms, leading to the formation of a corrosion protection film

[5,6]. Adsorption is also influenced by the structure and the
charge of metal surface, and the type of testing electrolyte
[7]. A large number of organic compounds were studied as cor-

rosion inhibitors for iron and low carbon steels [8].
Fortunately, many researchers have explored this field, and

many useful analytical methodologies have been developed

[9,10]. Since corrosion inhibition depends on the ability of a
surfactant inhibitor to adsorb, which is directly related to its
capacity to aggregate to form micelles. The critical micelle con-

centration (Ccmc) is a key indicator in determining the corro-
sion inhibition effectiveness of the surfactant concentration
increase. The individual surfactant ions or monomer tends to
migrate to the interface which reduces surface tension, and if

it occurs on metal surface, it will inhibit corrosion. Above
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the Ccmc, the surface is covered with a mono layer, thus any
additional surfactant molecules that are added to the solution
above the Ccmc level will combine to form micelles or multiple

layers of adsorbed surfactant molecules or form micelles in the
bulk of corrosive medium. As a result, the surface tension and
corrosion current density are not altered significantly above

the Ccmc. Consequently, an excellent surfactant inhibitor is
one with a low Ccmc value, whereas, a surfactant with a high
Ccmc value, will be a less effective inhibitor at the same

concentration.
The purpose of this work is to investigate the performance

of the alkyl chain length and thiol group in the synthesized
cationic surfactants on corrosion inhibition efficiency of car-

bon steel in 1 M HCl using weight loss, potentiodynamic
polarization and electrochemical impedance spectroscopy
techniques. The thermodynamic parameters of inhibitor

adsorption on the metal surface and metal dissolution were
also studied. Surface properties of the synthesized surfactant
in bulk solution such as the critical micelle concentration

(Ccmc), effectiveness of surface tension reduction (pcmc), sur-
face excess concentration (Cmax) and surface area per molecule
(Amin) were determined by means of surface tension measure-

ments. In addition, the free energies of micellization (DGo
mic)

and adsorption (DGo
ads) were calculated. Moreover, the behav-

ior and the relation between molecular structure, surface prop-
erties, and the inhibitive effects of these compounds on

corrosion inhibition of carbon steel in 1 M HCl solution were
investigated and discussed.

2. Materials and experimental techniques

2.1. Synthesis of the thiol cationic surfactants

The cationic thiol surfactants were synthesized by a reaction of
alkyl halides with different alkyl chain lengths (octyl-,

decyl- and dodecyl-bromide) with appropriate amount of
4-mercapto pyridine in the molar ratio of 1:1 to produce
Figure 1 The chemical reaction of

Table 1 Chemical composition of carbon steel sample.

Element C Si Mn P S Ni

Weight % 0.19 0.05 0.94 0.009 0.004 0.014
1-octyl, decyl, and dodecyl-4-mercapto pyridine-1-ium bro-
mide, as shown in Fig. 1. The reactants were allowed to reflux
in ethanol for 50 h. Then the reaction mixture was left to cool

to room temperature. The product was purified and recrystal-
lized from diethylether and ethanol, respectively, then filtrated
and dried to obtain the synthesized cationic surfactants.

2.2. Solutions

Aggressive solutions (1 M HCl) were prepared by dilution of

analytical grade 37% HCl with distilled water. The concentra-
tions of the prepared cationic surfactants ranged from
5 � 10�4 to 10�2 M for corrosion measurements and from

10�4 to 10�2 M for surface tension and conductivity. All solu-
tions were prepared using distilled water.

2.3. Weight loss measurements

The carbon steel sheets of 2.5 cm � 7.5 cm � 0.5 cm were
abraded with a series of emery paper (grade 320–500–800–10
00–1200) and then washed with distilled water and acetone.

After weighing accurately, the specimens were immersed in
150 ml closed beaker, which contained 100 ml 1 M HCl with
and without addition of different concentrations of inhibitors.

After 24 h, the specimens were taken out, washed, dried and
weighed accurately. Experiments were carried out in triplicate.
The average weight loss of three parallel carbon steel sheets
was obtained. Chemical composition of carbon steel sample

is listed in Table 1.

2.4. Electrochemical measurements

Electrochemical experiments were carried out using a Voltalab
40 Potentiostat PGZ 301 in a conventional electrolytic cell
with three-electrode arrangement: saturated calomel reference

electrode (SCE), platinum rod as a counter electrode and the
working electrode (WE) had the form of a rod from carbon
the prepared cationic surfactants.

Cr Al V Ti Cu Fe

0.009 0.034 0.016 0.003 0.022 Reminder
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steel. Prior to each experiment, the specimen was treated as in
weight loss measurements.

The electrode potential was allowed to reach equilibrium

30 min before starting the measurements. The exposed elec-
trode area to the corrosive solution is 0.7 cm2. All experiments
were conducted at 25 �C. Potentiodynamic polarization curves

were obtained by changing the electrode potential automati-
cally (from �800 to �300 mV vs. SCE) at open circuit poten-
tial with a scan rate of 2 mV s�1.

EIS measurements were carried out in a frequency range of
100 kHz to 50 mHz with amplitude of 4 mV peak-to-peak
using ac signals at open circuit potential. All experiments’ data
were analyzed by VoltaMaster 4 program which is combined

with VoltaLab device.

2.5. Surface tension measurements

Surface tension was measured with a Du Nouy Tensiometer
(Kruss Type 6) for different concentrations of synthesized
cationic surfactants. Doubly distilled water from an all-glass

apparatus with a surface tension of 72 mN m�1 at 25 �C was
used to prepare all solutions.

2.6. Conductivity measurements

Specific conductivity was measured with a digital conductivity
meter (Type 522; Crison Instrument, S.A.) using a double
jacket glass cell. The cell constants were determined using

KCl solutions. All measurements were done in a jacketed ves-
sel at 25 �C, which was maintained at the appropriate temper-
ature (±0.5 �C).

3. Results and discussion

3.1. Chemical structure confirmation of the synthesized cationic

surfactants

The chemical structures of the prepared cationic surfactants
were confirmed by the FTIR and 1H NMR spectroscopy and
are shown in Figs. 2 and 3.
Figure 2 FTIR spectrum of 4-mercap
3.1.1. FTIR spectra

The FTIR spectra in Fig. 2 of the synthesized surfactants I, II

and III showed the following absorption band peaks at
2581 cm�1 (sym CH2), 2920 cm�1 (asym CH2), 2604 cm�1

(sym SH) very weak band, 1590 cm�1 (C‚C Ar), 1473 cm�1

(CH2 binding), 1623 cm�1 (C‚N), 1195 cm�1 (C–N) and
sym (C–S) bands around 620 cm�1. The shift and the intensity
of the peaks depend on the difference in the alkyl chain length

of surfactants.

3.1.2. 1H NMR spectra

The 1H NMR spectra of inhibitor III showed different bands
at d = 0.7983–0.825 ppm (t, 3H, CH3) , d= 1.1988–

1.3.837 ppm (m, 16H, CH2), d= 1.6175–1.6481 ppm (q, 2H,
beta CH2), d = 3.4517 ppm (s, 1H, SH), d= 3.1934–
3.2239 ppm (t, 2H, N-CH2), d = 7.8292 ppm (d, 2H, pyridine),

d= 7.8429 ppm (d, 2H, pyridine), d = 8.5689 (d, 2H, pyri-
dine), d= 8.5827 (d, 2H, pyridine).

3.2. Weight loss measurements

The corrosion rate (k) was calculated from the following equa-
tion [11]:

k ¼ W

St
ð1Þ

where W is the average weight loss of three parallel carbon
steel sheets, S is the total area of the specimen and t is the

immersion time.
The inhibition efficiency (gw) and surface coverage (h) of

inhibitor on the surface of carbon steel were calculated using

the following equations:

gw ¼ ko � k

ko

� �
� 100 ð2Þ

h ¼ ko � k

ko
ð3Þ

where, ko and k are the values of the corrosion rate without
and with addition of the inhibitor, respectively.
to-N-decylpyridinium bromide III.



Figure 3 1H NMR spectrum of 4-mercapto-N-decylpyridinium bromide III.
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The corrosion parameters such as corrosion rate k, inhibi-

tion efficiency gw and surface coverage h at different concen-
trations of the synthesized surfactants in 1 M HCl at 25 �C,
40 �C and 60 �C are listed in Table 2. It was found that the syn-

thesized surfactants inhibit the corrosion of carbon steel at all
concentrations in 1 M HCl. These data showed that the corro-
sion rate values decreased as the concentrations of the inhibi-

tor increased, i.e. the corrosion inhibition efficiency increased
with increasing the inhibitor concentration. This behavior
was due to the adsorption and the coverage of inhibitors on
carbon steel surface. Also, the data in Table 2 showed that

the corrosion rate of steel increased with increasing tempera-
ture for both uninhibited and inhibited solution. The corrosion
Table 2 Weight loss results of carbon steel corrosion with and witho

at 25 �C in 1 M HCl.

Inhibitor Inhibitor conc. (M) 25 �C

k mg cm�2 h�1 h gw %

Absence 1.0 M HCl 1.137

I 5.0 � 10�4 0.3961 0.65 65.17

1.0 � 10�3 0.2948 0.74 74.08

2.5 � 10�3 0.2158 0.81 81.03

5.0 � 10�3 0.1793 0.84 84.23

7.5 � 10�3 0.1155 0.90 89.84

1.0 � 10�2 0.0866 0.92 92.39

II 5.0 � 10�4 0.298 0.74 73.84

1.0 � 10�3 0.203 0.82 82.16

2.5 � 10�3 0.151 0.87 86.76

5.0 � 10�3 0.106 0.91 90.65

7.5 � 10�3 0.076 0.93 93.30

1.0 � 10�2 0.054 0.95 95.27

III 5.0 � 10�4 0.218 0.81 80.83

1.0 � 10�3 0.142 0.87 87.49

2.5 � 10�3 0.110 0.90 90.29

5.0 � 10�3 0.087 0.92 92.36

7.5 � 10�3 0.061 0.95 94.66

1.0 � 10�2 0.044 0.96 96.09
rate of steel increased more rapidly with temperature increas-

ing in the absence of the inhibitor molecules. These results con-
firmed that the synthesized inhibitors acted as an efficient
inhibitor in the range of the temperatures studied.

The maximum corrosion inhibition efficiency for all com-
pounds was obtained at 10�2 M. The corrosion inhibition effi-
ciency of the investigated inhibitors decreased in the following

order

III > II > I

Fig. 4 shows the relation between gw of carbon steel and
logarithm of the concentration of the prepared inhibitors.
ut different concentrations of the synthesized cationic surfactants

40 �C 60 �C

k mg cm�2 h�1 h gw % k mg cm�2 h�1 h gw %

2.020 4.03

0.7750 0.62 61.63 1.7763 0.56 55.92

0.6369 0.68 68.47 1.5222 0.62 62.22

0.5409 0.73 73.22 1.2193 0.70 69.74

0.4102 0.80 79.69 1.1147 0.72 72.34

0.3192 0.84 84.19 0.8437 0.79 79.06

0.2266 0.89 88.78 0.6592 0.84 83.64

0.746 0.63 63.07 1.735 0.57 56.93

0.592 0.71 70.70 1.363 0.66 66.18

0.504 0.75 75.06 1.146 0.72 71.56

0.371 0.82 81.64 1.005 0.75 75.05

0.270 0.87 86.63 0.766 0.81 81.00

0.191 0.91 90.53 0.577 0.86 85.68

0.689 0.66 65.87 1.507 0.63 62.60

0.556 0.72 72.45 1.281 0.68 68.22

0.484 0.76 76.06 1.066 0.74 73.55

0.361 0.82 82.10 0.963 0.76 76.09

0.233 0.88 88.45 0.709 0.82 82.40

0.167 0.92 91.71 0.508 0.87 87.38



Figure 4 The relation between corrosion inhibition efficiency of

carbon steel and logarithm of the concentration of the prepared

inhibitors.
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3.3. Polarization measurements

Fig. 5 shows the polarization curves of carbon steel in 1 M

HCl in the absence and presence of different concentrations
of corrosion inhibitors III. On inspection of Fig. 5, it is
observed that the current density of the anodic and cathodic

branches is displaced toward lower values. This displacement
is more evident with the increase in concentration of the corro-
sion inhibitor when compared to the blank. The electrochem-
ical parameters, such as corrosion current density (icorr),

anodic (ba) and cathodic (bc) slopes, were obtained by Tafel
extrapolation at the corrosion potential (Ecorr) and are
reported in Table 3. It is observed that the corrosion current

density decreased when the inhibitor concentration increased
and the lowest values were obtained for III at 10�2 M. The
Figure 5 Anodic and cathodic polarization curves obtained at

25 �C in 1 M HCl in different concentrations of III.
anodic and cathodic slopes do not display an order with the
inhibitor concentration; this feature indicates that corrosion
inhibitors have no effect on both hydrogen evolution and iron

dissolution mechanism, it appears that inhibition occurred by
a blocking mechanism on the available metal spaces [12]. These
results indicated that the presence of cationic surfactants as

inhibitors inhibited iron oxidation and to a lower extent the
hydrogen evolution, consequently these compounds can be
classified as mixed corrosion inhibitors [13]. The inhibition effi-

ciency (gp) was calculated from the polarization curves as
follows:

gp ¼
iocorr � icorr

iocorr

� �
� 100 ð4Þ

where iocorr and icorr are uninhibited and inhibited current den-

sities, respectively.

The potential Ecorr values in the presence of different con-
centrations of the synthesized inhibitors are slightly shifted
toward both positive and negative directions compared to
blank, suggesting that the inhibitor is a mixed type inhibitor

(that is, inhibit both anodic and cathodic reactions) and is
adsorbed on the surface there by blocking the corrosion reac-
tion centers. The best inhibition efficiency was III of about

95.50 % at 10�2 M.
3.4. Electrochemical impedance measurements

Fig. 6 shows Nyquist plots for carbon steel in 1 M HCl solu-
tions with and without various concentrations of inhibitor
III as representative from the tested inhibitors at 25 �C. It

can be observed that the impedance response behavior of car-
bon steel shows a significant change after the addition of the
inhibitors in 1 M HCl solution. Comparing between the semi-
circle radii of the carbon steel in uninhibited solution and these

in presence of the different inhibitors showed that the real axis
intercept at low frequencies in the presence of inhibitor is lar-
ger than that in the absence of inhibitor (blank) and increases

as the inhibitor concentration increases. This confirms that the
impedance of carbon steel corrosion increased with the
increase in the inhibitors concentrations in 1 M HCl solution.

The impedance of carbon steel corrosion increases due to the
increase in the surface coverage of inhibitor molecules on the
electrode surface, which results in an increase in the inhibition

efficiency. Adsorbed inhibitor molecules form a protective film
which insulates the carbon steel surfaces and inhibits both
cathodic and anodic reactions of steel surface [14].

It is clear from Fig. 6 that the impedance spectra exhibit

one single capacitive loop, which indicates that the formed
charge transfer complexes between the metal surface and the
inhibitor molecules take place at the electrode/solution inter-

face, and the transfer process controls corrosion reaction.
The similar behaviors of the different capacitive loops indicate
that the presence of inhibitors does not change the mechanism

of carbon steel dissolution. Noticeably, the imperfect semicir-
cles represented in Fig. 6 are related to the frequency disper-
sion due to the roughness and inhomogeneous of the
electrode surface. The EIS results were simulated by the equiv-

alent circuit shown in Fig. 7 to pure electric models that could
verify the mechanistic models and enable the calculation of
numerical values corresponding to the physical and/or chemi-

cal properties of the tested electrochemical system [15]. The cir-



Table 3 Shows the electrochemical corrosion kinetic parameters of carbon steel corrosion with and without different concentrations

of the synthesized cationic surfactants at 25 �C in 1 M HCl.

Inhibitor Conc. of inhibitor (M) Ecorr mV (SCE) icorr mA cm�2 ba mV dec�1 bc mV dec�1 h gp %

1 M HCl 0.0 �533.5 1.70 306.1 �252.8 0.00 0.00

I 5.0 � 10�4 �501.1 0.5572 214 �254.3 0.67 67.13

1.0 � 10�3 �510.6 0.4408 193.7 �207.4 0.74 73.99

2.5 � 10�3 �525.6 0.34 262.5 �194.5 0.80 80.02

5.0 � 10�3 �525.1 0.22 271.7 �279.8 0.87 87.10

7.5 � 10�3 525.5 0.18 220 �158.7 0.90 89.52

1.0 � 10�2 �5260 0.14 280.9 �506.8 0.92 91.75

II 5.0 � 10�4 �529.8 0.5434 224.8 �221.4 0.68 67.94

1.0 � 10�3 �509.7 0.32 229.4 �267.1 0.81 81.33

2.5 � 10�3 �538.3 0.24 293.8 �185.3 0.86 86.01

5.0 � 10�3 �536.5 0.16 202.7 �217 0.90 90.47

7.5 � 10�3 �546.2 0.14 240.6 �233.1 0.92 91.95

1.0 � 10�2 �515 0.09 221.3 �205.4 0.95 94.89

III 5.0 � 10�4 �541.5 0.3342 275.3 �300.5 0.80 80.28

1.0 � 10�3 �525 0.23 112.1 �229.9 0.87 86.51

2.5 � 10�3 �534.4 0.14 231.7 �196.5 0.92 91.96

5.0 � 10�3 �543.5 0.09 221.3 �205.4 0.95 94.89

7.5 � 10�3 �520.6 0.07 218.6 �249.3 0.96 95.89

1.0 � 10�2 �524.2 0.06 165.4 �286 0.96 96.44

Figure 6 Nyquist plots for carbon steel in 1 M HCl in absence and presence of different concentrations of III.
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cuit allows identifying both solution resistances (RS), charge

transfer resistance (Rct) and double layer capacitance (Cdl). It
is worth mentioning that Cdl value is affected by imperfections
of the surface, and this effect is simulated by a constant phase

element (CPE). The CPE is composed of a component Qdl and
a coefficient (n) which quantifies different physical phenomena
like surface roughness, inhibitor adsorption, porous layer for-
mation, etc. The Cdl can be calculated using Eq. (5) [16]:

Cdl ¼ Qdl � ð2pfmaxÞn�1 ð5Þ
where fmax represents the frequency at which imaginary value
reaches a maximum on the Nyquist plot.

The inhibition efficiency of the different inhibitors were cal-
culated using Eq. (6):
gI ¼
RctðuninhÞ � RctðinhÞ

RctðuninhÞ
� �

� 100 ð6Þ

where, Rct(inh) and Rct(uninh) are the charge-transfer resis-
tances in the inhibited and the uninhibited solutions. The elec-

trochemical parameters of Rct, Cdl And gI listed in Table 4.
Table 4 disclosed that by increasing the inhibitor concentra-

tions Rct values increased significantly and also Cdl values

decreased. The decrease in Cdl values in presence of the differ-
ent inhibitors compared to the uninhibited solution is due to
the decrease in local dielectric constant and/or an increase in
the thickness of the electrical double layer, which suggests

the adsorption of inhibitor molecules at the metal/solution
interface [17]. Increasing the concentration of the added



Figure 7 The suggested equivalent circuit model for the studied system.

Table 4 EIS parameters for corrosion of carbon steel in 1 M HCl in the absence and presence of different concentrations of the

synthesized cationic surfactants at 25 �C.

Inhibitor Conc. of inhibitor (M) Rs X cm2 Qdl Ω
�1 sn cm�2 n Error of n Rct X cm2 Cdl lF cm�2 gz %

1 M HCl 0.0 1.293 0.0002022 0.88 0.81 32.3 98.53 –

I 5.0 � 10�4 4.206 0.0001807 0.74 1.09 86.68 164.4 62.74

1.0 � 10�3 3.502 0.0007489 0.66 1.60 147 76.65 78.03

2.5 � 10�3 5.496 0.0003231 0.68 1.14 198.9 56.95 83.76

5.0 � 10�3 1.752 0.0001959 0.721 1.05 210.7 26.88 84.67

7.5 � 10�3 4.772 0.000111 0.70 1.25 255.9 221.3 87.38

1.0 � 10�2 6.714 0.0006555 0.67 1.30 265.4 1.894 87.83

II 5.0 � 10�4 8.563 0.0002199 0.78 0.70 94.64 75.33 65.87

1.0 � 10�3 8.911 0.001001 0.75 0.73 152.6 521.3 78.83

2.5 � 10�3 1.752 0.000111 0.70 1.25 210.7 26.88 84.67

5.0 � 10�3 4.957 0.000133 0.70 0.79 377.9 33.68 91.45

7.5 � 10�3 12.41 0.000334 0.72 0.96 401 141.2 91.95

1.0 � 10�2 7.608 0.000162 0.78 0.60 588.3 75.28 94.51

III 5.0 � 10�4 8.911 0.001 0.75 0.74 152.6 521.3 78.83

1.0 � 10�3 4.772 0.0006555 0.67 1.30 255.9 221.3 87.38

2.5 � 10�3 7.958 0.0003269 0.62 0.99 346.6 72.53 90.68

5.0 � 10�3 4.827 0.0001644 0.62 0.89 434 29.33 92.56

7.5 � 10�3 1.509 0.0002376 0.71 0.74 514 110 93.72

1.0 � 10�2 6.303 0.0000594 0.71 0.84 608.3 16.53 94.69
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inhibitors increases their gI values. The maximum gI values
were obtained at 94.69 % for inhibitor III which insure that

the tested inhibitors exhibit good inhibitive performance for
carbon steel in 1 M HCl solution at 25 �C.

3.5. Adsorption isotherm and standard adsorption free energy

Basic information on the adsorption of inhibitor on metal sur-
face can be provided by adsorption isotherm. Several iso-

therms including Frumkin, Langmuir, Temkin, Freundlich,
Bockris–Swinkels and Flory–Huggins isotherms are employed
to fit the experimental data. It is found that the adsorption of
studied thiol cationic surfactants on carbon steel surface obeys

the Langmuir adsorption isotherm equation [18]:

C

h
¼ 1

Kads

þ C ð7Þ

where, C is the concentration of inhibitor, Kads is the adsorp-

tive equilibrium constant.
The degree of surface coverage values for various concen-

trations of thiol cationic surfactants in 1 M HCl solution has

been calculated from the average of inhibition efficiency of
potentiodynamic polarization Table 3. Plots of C/h against C
yield straight lines are shown in Fig. 8. Both linear correlation
coefficient (r2) and slope are close to 1, indicating the adsorp-

tion of the investigated inhibitors on the carbon steel surface
obeys Langmuir adsorption isotherm. The adsorptive equilib-
rium constant (Kads) can be calculated from the reciprocal of

the intercept of C/h–C curve. The values of Kads were calcu-
lated from 5 � 10�4 M�1 for III. The high value of Kads attri-
butes to the stronger and more stable adsorbed layer formed

on the metal surface. The standard free energy of adsorption
(DGo

ads) can be given as the following equation [19]:

DGo
ads ¼ RT ln ð55:5KadsÞ ð8Þ

where, R is the gas constant (8.314 J mol�1 K�1), T is the abso-
lute temperature (K), and the value 55.5 is the concentration of
water in solution expressed in molar.

The high values of Kads and negative values of DGo
ads sug-

gested that, inhibitors molecules were strongly adsorbed on

the carbon steel surface.
Values of DGo

ads around �20 kJ mol�1 or lower are consis-

tent with the electrostatic interaction between charged inhibi-
tor molecules and the charged metal surface (physisorption);
those around �40 kJ mol�1 or higher involve charge sharing

or transfer from the inhibitor molecules to the metal surface



Figure 8 Langmuir’s adsorption plots for carbon steel in 1 M

HCl containing different concentrations of I, II and III at 25 �C.
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to form a coordinate type of bond (chemisorption). The
obtained values of DGo

ads, for compounds I, II and III indicate

that the adsorption takes place mainly through the electro-
static interaction between charged inhibitor molecules and
the charged metal surface (physisorption and chemisorptions)

[20]. The negative value of DHo
ads indicates that the adsorption

of investigated inhibitor on the carbon steel surface is exother-

mic. Entropy of inhibitor adsorption (DSo
ads) is calculated using

the following equation:

DGo
ads ¼ DHo

ads � TDSo
ads: ð9Þ

Values of DSo
ads are listed in Table 5. It is observed that, DSo

ads

values in the presence of the inhibitor have positive sign, which

means that, an increase of disorder is due to the adsorption of
only one surfactant molecule by desorption of more water
molecules.

3.6. Inhibition mechanism

The adsorption of thiol cationic surfactants on the carbon steel
surface in 1 M HCl solution occurs through the active centers

in the inhibitors molecule which contain electronegative of SH,
lone pair of N in pyridine ring and p-electrons of aromatic ring
which they can easily adsorb on the metal surface and then

reduce the anodic dissolution of carbon steel. It appears that
inhibition occurred by a blocking mechanism on cathodic
and anodic area of the metal surface (that is, inhibit both ano-
dic and cathodic reactions) [21,22]. Polarization results showed
Table 5 The thermodynamic parameters of adsorption of the synthe

HCl solution.

Inhibitor Temp. �C Kads M
�1 DGo

ads

I 25 2745.0 �29.5

40 2123.1 �30.3

60 1799.2 �31.8

II 25 4353.5 �30.7

40 2237.6 �30.5

60 1960.4 �32.1

III 25 5000.0 �31.0

40 2310.5 �30.6

60 2146.8 �32.3
that the inhibition effect of the inhibitors in 1 M HCl solution
can be explained through that the nitrogen and sulfur atoms in
the acid solution are protonated and regards as cationic species

in addition cationic head of surfactant, which may be adsorbed
on the cathodic sites of carbon steel surface and reduce the
evaluation of hydrogen evaluation through the physical

adsorption. While, counter ion (Br�) may be adsorbed on
the anodic sites of carbon steel surface and reduce the dissolu-
tion of metal through the physical adsorption. There is also

another way of adsorption; the molecules can be adsorbed
on the surface of carbon steel through the chemisorption
mechanism that occurred by the donor–acceptor interactions
between lone pair electron of hetero atoms and p-electrons

of the pyridine ring of cationic surfactant and vacant d-
orbitals of Fe atoms.

3.7. Surface active properties

3.7.1. Surface tension (c)

Plot of c versus concentration for 1-octyl, decyl, and dodecyl-
4-mercapto pyridine-1-ium bromide is shown in Fig. 9. This
figure shows two characteristic regions. At lower concentra-

tions, the variation of surface tension is very significant,
whereas at higher concentrations, it is relatively weak. The
intercept of these two regions indicates the Ccmc. There are
two antagonistic effects controlling the micellization, the

hydrophobic group (alkyl chain) which is an important driving
force in micellization and the hydrophilic group which opposes
micellization. In our investigation, since the hydrophilic group

is constant, we observe the Ccmc values of the prepared com-
pounds decrease as the length of the alkyl chain increases as
shown in Fig. 9. The surface tension values at the respective

Ccmc (ccmc) values are given in Table 6. The results reveal that:
the increase in hydrophobic chain length (III > II > I) makes
the surfactant molecule more active at air/water interface.

The c-log C plots also provide information about area per
molecule, effectiveness and surface concentration of surfactant
ions of the synthesized surfactant at air/water interface.

3.7.2. Effectiveness (pcmc)

Surface pressure at Ccmc which is defined as the effectiveness of
a surfactant in reducing surface tension [23], is calculated from
the following equation:

pcmc ¼ co � ccmc ð10Þ
sized inhibitors at different concentrations for carbon steel in 1 M

kJ mol�1 DHo
ads kJ mol�1 DSo

ads J mol�1 K�1

7 �9.87 66.10

9 65.55

7 66.07

1 �18.39 41.34

2 38.77

1 41.20

5 �19.40 39.12

1 35.82

6 38.93



Figure 9 Variation of the surface tension with the synthesized cationic surfactants concentrations in water at 25 �C.

Table 6 Surface parameters of the synthesized cationic surfactants from both surface tension and conductivity measurements at

25 �C.

Inhibitor name Surface tension measurements Conductivity measurements

Ccmc M ccmc mN m�1 pcmc mN m�1 Umax � 10�11 mol cm�2 Amin nm
2 Ccmc M b DGo

mic kJ mol�1

I 0.0028 30.2 41.8 7.6 2.20 0.0028 0.200 �26.61

II 0.0025 28.8 43.2 7.6 2.19 0.0026 0.157 �27.73

III 0.0023 26.1 45.9 7.7 2.17 0.0024 0.130 �28.45
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where co is the surface tension measured for pure water at the
appropriate temperature and ccmc is the surface tension at crit-
ical micelle concentration. Ccmc value of the synthesized sur-
factant is listed in Table 6. The data showed that the

surfactants are considered as a strong surface active agent at
air/water interface. The results in Table 6 indicate that the
effectiveness increases with the increase of the alkyl chain

length in hydrophobic moiety of the synthesized surfactants
which shows the effect of alkyl chain on the adsorption behav-
ior of surfactant at air/water interface.

3.7.3. The surface excess (Cmax)

The maximum surface excess of the surfactant solution showed
the number of surfactant molecules located in unit area at the

air/water interface. Values of (Cmax) represented in Table 6
show that increasing the hydrophobic character of the pre-
pared compounds causes a corresponding increase in the Cmax

value. This indicates that the molecules are more tightly
packed in the air/water interface in longer alkyl chain
surfactants.

Maximum surface excess of a surfactant Cmax at the air/so-

lution interface is calculated from the maximal slope (d c/d
lnC) in the c vs. ln C plot. In the absence of electrolyte, it is
calculated by Gibbs adsorption equation [24]:

Cmax ¼ �1

nRT
� dc
dlnC

ð11Þ

where C is denotes concentration, R is the gas constant, T is
absolute temperature and n represents the number of species at

the interface.
3.7.4. The area per molecule (Amin)

The area per molecule, Amin (nm2), at the interface provides
information on the degree of packing and the orientation of
the adsorbed surfactant molecule.

Increasing Cmax indicates a larger number of adsorbed
molecules at the air/water interface. Hence, the area available
for each molecule at the interface will decrease. It is obvious

from the data of Amin in Table 6 that increasing the alkyl chain
length decreases the area occupied by each molecule.

The minimal surface area per adsorbed molecule, Amin

(nm2), is obtained as follows [25]:

Amin ¼ 1014

NACmax

ð12Þ

where NA is the Avogadro number and Cmax is the maximal
surface excess of adsorbed surfactant molecules at the

interface.

3.7.5. Conductivity measurements

Specific conductivity (K) measurements are performed for the

synthesized cationic surfactant at 25 �C in order to evaluate
the Ccmc and the degree of counter ion dissociation, b. It is well
known that the specific conductivity is linearly correlated to
the surfactant concentration in both the premicellar and in

the postmicellar regions, and the slope in the premicellar
region is greater than that in the postmicellar region [26].
The intersection point between the two straight lines gives

the Ccmc while the ratio between the slopes of the postmicellar
region to that in the premicellar region gives counter ion
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dissociation; b. Fig. 10 shows the relation between specific con-
ductivity and concentration of the synthesized surfactant. The
values of degree of counter ion dissociation are calculated and

listed in Table 6.

3.7.6. The standard free energy of micelle formation (DGo
mic)

Adsorption and micellization processes of the surfactant mole-

cules are considered as phase transformation either from singly
state molecule in the solution into adsorbed molecules at the
interface (adsorption) or into the well aggregated molecules

in the form of micelles (micellization).
The standard free energy of micelle formation per mole of

surfactant is given by the equation [27]:

DGo
mic ¼ ð2� bÞRT lnCcmc ð13Þ

where R is the gas constant, T is the temperature, b is the
degree of counter ion dissociation and Ccmc is the concentra-

tion at critical micelle concentration, expressed in the molarity
of the surfactant.

The value of DGo
mic is calculated and listed in Table 6. From

Table 6, the values of DGo
mic and DGo

ads are always negative

indicating that these two processes are spontaneous; however,
there is a slight increase in the negative values of DGo

ads com-

pared to those of micellization. This suggests a tendency of
the molecules to be adsorbed at the interface rather than micel-

lization in the bulk of the solution.

3.8. The relation between corrosion inhibition and surface
properties of the prepared cationic surfactants

The highest reduction in surface tension (effectiveness, pcmc)
was achieved with increasing carbon chain length of cationic

surfactants. This is in good agreement with the inhibition effi-
ciency results which were achieved by cationic surfactants. It
seems that the synthesized surfactants favor adsorption rather
than micellization. The fact that DGo

ads values were more neg-

ative compared with the corresponding DGo
ads could be taken

as strong evidence on the feasibility of the adsorption for the
synthesized surfactants. It was noticed that the Amin values

were increased, whereas the Cmax values were decreased with
Figure 10 The plots of electrical conductivity against concen-

tration of the synthesized cationic surfactants concentrations in

water at 25 �C.
increasing both the carbon chain length and corrosion inhibi-
tion efficiency of cationic surfactants. It was clear that inhibi-
tion efficiency increases with increasing Cmax values and

effectiveness and decreases with decreasing Amin values.

4. Conclusions

1. A new series of thiol cationic surfactants were synthesized
and the chemical structure of these surfactants was con-
firmed by FTIR, 1H NMR.

2. The inhibition efficiency of the synthesized cationic surfac-
tant increased with an increase in its concentration and the
alkyl chain length but it slightly decreases with an increase
in temperature range 25–60 �C.

3. Double-layer capacitances decrease with respect to blank
solution when the synthesized inhibitor is added. This fact
can be explained by adsorption of the synthesized inhibitor

species on the steel surface.
4. Tafel polarization curves indicate that the corrosion current

density decreases very much and the corrosion potential

changes little with the addition of the surfactant, therefore
the synthesized inhibitor is a mixed type.

5. The adsorption of the synthesized cationic surfactant on the
carbon steel surface represented a mixture of chemical and

physical adsorption, it also obeyed Langmuir isotherm.
6. The inhibiting efficiencies obtained by polarization, EIS

and weight loss measurements are in good agreement.
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